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Sintering Stress and Microstructure in Ceramic Powder Compacts
by
May-Ying Chu
Abstract
The behavior of the sintering stress and microstructure during sintering is studied

under various thermal and physical conditions. Specifically, the study includes sir{(ering

under isothermal or constant heating rate conditions; and altering the starting compact

structure by pre-coarsening to increase the particles size, or by compaction to increase

the starting density. Loading dilatometry is used to measure the ratio of the
densification strain rate to the creep strain rate and the continuous shrinkage history
of the systems. The data show that the ratio of the densification to the creep strain
rate is remarkably constant within a wide temperature range for densification, from
the earliest stages of densification to at least the onset of the final stage. As a
conseqﬁence, the sintering stress, which is proportional to the strain rate ratio, is nearly

independent of sintered density or of temperature. Analysis leads to a simple method

- for determining the simultaneous densification strain rate over the creep strain rate

ratio.

A rigorous densification strain rate equation is derived for a model system. The
constant sintering stress allows progress on formulating a sintering equation to predict
the densification behavior of powder compacts. Analysis of dilatometry data from
compacts sintered at various heating rates, and of numerical computations, indicate
the need to include separate coarsening processes with different activation energies.
The same model is used to describe the differences in pore spacing evolution between

pre-coarsened and as-received systems.
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1 INTRODUCTION

Sintering is the process by which a porous powder compact transforms into a
denser material with the application of heat. This procedure has been used for
thousands of years beginning with the forrhation of clay ware, and generally consists
of two stages. In the formation stage loose powders are molded into the desired shape,
and then in the firing stage the powder particles in the body fuse together to form a
denser solid body. Although the précess of sintering has been used for so long the.
theory and the modeling of the process did not begin until the mid-1940’s. This lack
of interest in part was due to the fact that the applications of the original clay products
were not very demanding. However, since ceramics are good heat and corrosion
resistant materials their application grew. The need for greater control over the
production process has motivated recent interest in understanding the sintering

process.

Many theories of sintering have been devised in the past fifty years. Several review
articles give good summaries of the field {[Burke and Rosolowski 1976, Coble and

Cannon 1978, Exner and Petzow 1980, German 1984, Kuczynski 1985].

One of the first rigorous attempts to develop a theory on sintering was by Frenkel
[1945]. He assumed crystalline bodies can approach each other through viscous flow
under the influence of their surface tensions, and derived an equation for the
coalescence of two liquid particles. Later in 1949 Kuczynski did a series of experiments
measuring the neck growthrates between metal sphereson mefallic blocks. By sintering
the spheres on blocks at different temperatures for various times, an.d then polishing
and examining the cross-section to measure the local geometry, he identified the

mechanism for sintering.



Herring in 1950 derived the "scaling laws” which identify various mechanisms for
sintering. Under the assumption that size is the only variable between two systems
during isothermal sintering, by measuring the amount of time necessary for the two
‘monosize powder systems to enlarge themselves by the same ratio the mechanisrh in
principle can be determined. In practice this proves to be difficult, since for different
size powders contamination and orientation may vary significantly [Song and Coble

1984].

Many other works followed which tried to identify the various mechanisms and/or
activation energies of sintering. Models of two particle systems with specific geometry
such as spheres, cylinders, and plates were developed [Kuczynski 1949, Kingery and
Berg 1955, Alexaﬁder and Balluffi 1957, Coble 1958 & 1961b, Nichols 1966, Johnson
1969]. These studies were mainly interested in identifying the active mechanism for
_sintering. Other models were based on multiparticle arrangements [Exner and Petzow
1976, Hsueh and De Jonghe 1984}, arrays of particles [Exner et al 1973, Exner and
Petzow 1976, Exner 1979, Lange and Kellet 1986], and numerical methods [Kuczynski |
1976, Bross and Exner 1979, Hwang and German 1984].

Asis evident from the vast number of papers published, a model which can predict
the sintering behavior of a ceramic does not yet exist. The basic problem in modeling
is that although great accuracy can be attained by restricting the number of parameters,
it is difficult to describe a real compact which has many more variables. Some
investigators attempt to determine the mechanism for sintering by comparing data to
a known model. However, in a gi\;en experiment it is difficult to isolate a single
mechanism, and to measure and quantify the local geometry and parameters (e.g.
particle/pore sizes and curvatures, dihedral angle, surface and grain boundary

energies). It has been shown that frequenfly many models can fit the data equally well



[Exner and Petzow 1980, Johnson 1982].

The objective of the present study is to bypass all the local geometrical parameters
- needed to calculate the driving force and to replace it with a global parameter, T ,
the sintering stress. This stress, defined as the equivalent external mechanical stress
that would give rise to the same densification strain rate as the internal driving force,
can be obtained by simultaneous creep and densification experiments. Previous
experiments performed underisothermal conditions have indicated ¥ remains constant
throughout a wide density range [Chu et al 1989]. This study, by using constant heating
rates, examines the influence of temperature on ~ and its_behaVior in the initial stage.
An additional objective is to develop a simple densification rate equation that will be

useful in both interpreting and controlling sintering.

Fér clarity the thesis has been divided into four additional chapters. Chapter 2
will describe genér_al sintering térms, observations, and theoriesthat are not specifically
mentioned in the later chapters. The.remaining three chapters will describe and discuss
individual topics. First, the effect of temperature on the densification and creep strain
rate will be studied in chapter 3. Here, constant heating rate sintering conditions are .
used and the results are compared to data obtained under isothermal conditions. A
rigorous densification strain rate equation is derived for a model system and its
implications for the sintering stress are discussed. Next, in chépter 4 the effect of
heating rate 'on sintering and coarsening will be discussed. A coarsening equation
including two classes of processes, those associated with densifying and with
non-densifying mechanisms, is introduced. Dilatometry data and numerical
calculations show the utility of the model. Finally, in chapter S the effect of coarsening
on sintering and microstructure is studied. The same coarsening model is used to
interpret differences in the microstructure between the coarsened and the as-received

system.



2 BACKGROUND

This chapter has been divided into three main subsections. First, the common
deécriptions used in sintering are presented. Next, a discussion of rate equations will
follow; for clarity the driving force terms will be discussed separately. Finally, since a
critical issue in sintering is coarsening, i. e. the size increase in grains and/or pores,

grain growth and its relationship to pore spacing will be discussed.

2.1 General Description

Sintering theories are usually divided into three stages: 1) initial stage, where the
particles form neck contacts with each other, 2) intermediate stage, where the compact

forms an open network of pores, and 3) final stagé, where the pores are isolated from
each other [Coble 1961, Johnson and Cutler 1963, Johnson 1970, Eadie et al 1974 &
1978, Handwerker et al 1984].

- The initial stage of sintering involving neck formation only accounts. for the first
several percent of shrinkage. During the intermediate stage of sintering the pores are
interconnected. Here the density of the material increases dram(atically, but sintering
is complicated by the additional process of grain grthh. The final stage of sintering
begins when the channel network of pores begin to break off and the pores become
isolated from each other. This usually begins when the compact density reaches above
about 0.9 of its theoretical density. In this last stage the densification rate decreases

rapidly.

Although the stages of sintering are clearly distinguished, in a real compact where
regions have different packing densities the separation of the stages is less clear since
the various stages of sintering can occur simultaneously [Barrett and Yust 1967, Weiser

and De Jonghe 1986]



The driving force (see section 2.2.1) for sintering comes from the reduction of
the free energy of the system by the replacement of solid-vapor interfaces with
solid-solid interfaces. The particle neck curvature generates a stress on the grain
boundary, which produces a chemical potential gradient that causes material to flow

from the grain boundary to the neck.

The transport mechanisms of sintering can be separated into two categories,
densifyi;lg and non-densifying. Viscous flow, grain boundary diffusion, and volume
diffusion are all processes which will cause an overall decrease in the volume of the
sample or, specifically for the two particle system, the center-to-center approach.
Non-densifying mechanisms include evaporation/ condensation and surface diffusion.

Although these processes do not shrink the sample they do change the microstructure,

~ which in turn will affect subsequent densification. The various paths for these

mechanisms in a two particle system are shown in Fig. 2.1, Sintering diagrams have
been developed to identify the dominant mechanism at a given temperature and ne;:k
geometry [Ashby 1974, Swinkels and Ashby 1981]. In principle, the sintering
microstructure can be manipulated by picking the appropriate heat treatments;
however, in practice the utility of these maps prové limited since they are derived from

models based on very restricted geometries.

It is commonly observed during isothermal sintering that the compact densifies
more slowly with increasing sintering time. Empirically, the sintered density is found
to be approximately proportional to the sintering time to some power (power law

densification), e. g. Burke [1962]:

Ap « t?
Eqn. 2.1



where Ap is the instantaneous density increase, tis the time, and q is a fraction between

1/2 - 1/3. This density increase has also been described as logarithmic' densification,

e. g. Vieira and Brook [1984]:

Ap < In(t)
Eqn. 2.2

Microstructural studies indicate that during sintering the density increase of the
compact is almost a]ways accbmpanied by increases in the grain and pore sizes. At
the high densities, during the final stage, pores may break away from the grain
boundaries; these trapped pores are seldom removed and prevent the compact from

reaching its fully dense state.

Rate Equation

The rates for all processes will depend on both a driving force term and a kinetic
term. The study of sintering rates can be separafed accordingly. This section will be
divided into three parts. First, work on the driving force for sintering will be described.
Next, the common form used for sintering rate equa,tion will be presented. Finally,
since much of this study depends on the simultaneous process of creep and

densification, creep rate equations will be described.

2.2.1 Driving Force

The sintering driving force comes from the reduction of the free energy of the’
system by the replacement of solid-vapor interfaces with solid-solid interfaces. The
neck curvature causes a stress on the grain boundary, this in turn produces a chemical
potential gradient which causes material to flow from the grain boundary to the neck.

Alternatively, the grain boundary can be considered as the sink for the vacancies



supplied at the neck (Fig. 2.2). In actuality the driving force can depend on many
variables, including the surface free energy, grain boundary energy, the dihedral angle,
pore/particle curvatures and distributions, and coordination number [Johnson 1969,
Exner and Bross 1979, Cannon 1981, Searcy 1985, De Jonghe et al 1989, Kellet and
Lange 1989, Cannon and Carter 1989]. The difficulty in applying these driving force
models is the need of local geometry which even in very uniform systems is hard to
measure. In a real compact, since the material is very inhomogeneous, it is impossible

to obtain all of the necessary information.

In the simplest case one can examine a spherical isotropic pore in a body;
associated with the surface of the pore is a compressive stress described by the Kelvin

equation

2V s

0, = - Eqn. 2.3

where o is the stress on the surface, v, is the surface free energy, and r is the radius

of the pore. This predicts that smaller pores generate a higher compressive stress.
This compressive stress can be thoﬁght of as an eqﬁivalent externally applied
hydrostatic pressure which will cause the material to shrink (Fig. 2.3). The earlier work
on sintering used o, as the driving force [Frenkel 1945, Mackenzie and Shuttleworth

1949, Coble 1961a]

Strictly, the driving force for densification would depend both on the particle
radius and the neck radius [Canno'n 1981, Raj 1987, De Jonghe and Rahaman 1988],

so that



G, « — —G— Eqgn.24

where vy, is the free energy of the boundary and G is the radius of the grain. Ina

multiparticle compact the basic relationship still holds; however, the analysis is vastly
complicated by the numerous curvatures (positive and negative) present in the system.

Additionally, the detailed structural geometry will depend on mény factors, such asvy,

,Ys , dihedral angle, and pore coordination number, which are not readily accessible.

Experimentally, the necessary values for computing the driving force are at best tedious
and at worst impossible to quantify. An epoxy replica of ZnO pore structure made by
pressure infiltration is shown in Fig. 2.4. As is evident from the micrograph the pore

network is very complicated.

The role of the microstructure, and its effects on sintering of powder compacts
" have been studied by many [Rhines et al 1950, DeHoff et al 1966, Whittemore and
Varela 1980, DeHoff 1984, Rhines and DeHoff 1984]. In general the investigators
concentrated on the structural evoiutibn of the pore network. Gregg and Rhines [1973]

attempted to measure the driving force for copper compacts from zero-strain rate

conditions obtained during tensile loading of sintering specimens. In the systems used,

the driving force increased with increasing density. This increase was correlated with
the increasing' curvature of the pores as they shrank [Gregg and Rhines 1973,
Aigeltinger 1975]. In another study by Venkatachari and Raj [1986] the driving force
decreased with increasing density. This result was attributed to the decrease in pore

curvature from pore coalescence.

More recently, De Jonghe and Rahaman used a different, and perhaps simpler,

experimental technique known as loading dilatometry [De Jonghe and Rahaman

&



1984a, Rahaman and De Jonghe 1984, Rahaman et al 1986] to determine the driving
force. Simultaneous rﬁeasurements of creep and densification, under conditions of
low applied uniaxial loads, led to an interesting observation on many ceramic powder
systems studied: the ratio of the densification strain rate to the creep strain rate is
constant throughout large variations in density. This result gives strong indications
that the sintering stress, *, which is believed to be proportional to this ratio, does not
vary during densification (for-‘ a more detailed discussion see section 3.5). A feature
of their studies is that the hydrostatic component of the applied uniaxial stress is low
compared to the sintering stress produced by the system. Consequently, the
densification mechanism for the loaded and the free sintered samples is equivalent.
Subsequent work by Venkatachari and Raj. [1986] used much higher stresses to
investigate creep and densification, their work would therefore be more appropriate

to sinter-forging.

Although numerous loading dflatofnetry studies show that the strain rate ratio is
constant throughout the measured density range, the value of thisratio is system specific
(see Fig. 3.1). For sintering compacts with the same starting particle size this ratio
only changes with variations in starting density. The compact with the higher starting
density has a higher ¥ . This result is consistent with Eqn. 2.4, since comparison is
made at constant density and the compact with the higher starting density will at some
fixed time have a smaller grain size. This implies that £ can be changed by forcing a
system through a different microstructural path, which can be accomplished by

intentional coarsening. The microstructure of the system can also be changed by heat

*%¥ is defined as the equivalent external mechanical stress that is necessary to give rise
to the same densification strain rate as the internal driving force of the system (see
Fig. 2.5). Z is also called the sintering force [DeHoff 1966], the sintering potential
[Hsueh et al 1986a], or the sintering pressure [Raj and Bordia 1984].



treating the compact under different atmospheres [Lee and Readey 1984, Quadir and
Readey 1984, Readey et al 1984] or at different temperatures (see chapter.5). The
effect of temperature and coarsening on the sintering stress is investigated in chapters

3 and §, respectively.

2.2.2 Densification Equations

Evaluation of the sintering stress will contribute to reaching the final goal, to
obtain an equation that can describe and predict the sintering behavior of the system.
Since the sintering stress, FZ , does not change much during the course of sintering, the
assumption can be made that the driving force is independent of the density. This will

make subsequent modeling of the sintering equation much simpler.

The sintering rate equation is written in the following generic form by maﬁy
investigators [Frenkel 1945, Mackenzie and Shuttleworth 1949, Coble 1961a&b and
1970, Johnson 1969, Beere 1975¢, De Jonghe and Rahaman 1984b & 1988, Scherer
1984, De Jonghe et al 1986, Evans and Hsueh 1986, Hsueh et al 1986a&b, Rahaman
et al 1986]. '

: 1
Ed = _(Z+oa)

Eqn. 2.5
Na an

where 1 contains the various kinetic parameters such as the diffusion coefficient,

temperature, and diffusion length (see section 3.5.2), ¥ is the driving force supplied

by the system, and 0, is the additional applied hydrostatic stress.

10



2.2.3 Creep Equations

The creep rate equation upon uniaxial loading by a stress 0 is commonly written

in a form similar to the sintering rate equation:

. 1. |
€ = E(O) Eqn. 26

where again n, contains the various kinetic and structural parameters, o , the uniaxially
L] .

applied stress, isthe driving force (0 = 30 ), ands, the stress exponent, is dependent
on the creep mechanism (s = 1 for diffusion, s = 2 for interface reactions, ands 2 3

for dislocation movement [Brook 1982a}).

Under the present expérimental conditions of low.applied stress, creep occurs by
solid state diffusion and s equals 1 [Johnson 1988]. The uniaxially applied load changes
the concentration of vacancies at the grain boundaries. The associated vacancy gradient
causes vacancies to migrate from boundaries in tension to boundaries in compression.
The vacancies can diffuse either through the bulk or through the grain boundary.
Nabarro [1947] and Herring [1950] modeled bulk diffusion and arrived at the general

form

AD,o
€, = —
kT G*

Eqn. 2.7

where A is a constant, D;, is th_e volume diffusion coefficient, k is Boltzman’s constant,
T is the absolute temperature, and G is the grain size. Later in 1963 Coble modeled

vacancy migration through the grain boundary and proposed

11



A’D,80

€ = W Eqn. 2.8

where A’ is a constant, Dy, is the grain boundary coefficient, and 6 is the grain boundary

thickness.

2.3 Grain Growth
Densification is nearly always accompanied by grain growth. Even in the best
monosize powder the accompanying grain growth is about a factor of two [Barringer
et al 1984]. For most sintered systems the final grain size is commonly one or two
“orders of magnitude larger than the initial particle size. The grain growth rate in dense

and porous system have been studied extensively; several good reviews are by Hillert

[1965], Nichols [1966], Brook [1976], and Atkinson [1988].

Graingrowthisusually divided into two categories: normal, where the normalized
grain size distribution remains constant with time, and abnormal or discontinuous,
where a few large grains increase rapidly and the normalized distribution is not
maintained. Only normal grain growth will be discussed here since it is more relevant

to solid state sintering.

The driving force for normal grain growth is the reduction of interface energy”
throughout the system. It is an activated process where the atoms migrate across grain
boundaries from grains with concave boundaries into the neighboring grains. The
migration is driven by the chemical potential gradient caused by curvatures differences

between the grain boundaries.

* Crystals have anisotropic interface energies, but for the present discussion grains

are assumed to have isotropic interface energies.
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Empirically, grain growth most often follows a power law of the form,

G™ o«
Eqn. 2.9

where G is the grain size, t is the time, and m, the grain growth exponent, is usually

equal to 3 for porous system but can range from 1 to 4 [Brook 1976, Atkinson 1988].

For a dense single phase system a parabolic grain growth law, where m = 2, can
be derived easily. The driving force for grain growth is the reduction of grain boundary
energy throughout the entire system and should be proportional to the average
curvature, which scales with the inverse of the grain size. The grain growth réte, G,

then is

. K '
G o« I Eqn. 2.10

where K is a constant, and G is the grain size. Upon integration

G? = G2+Kt
Eqn. 2.11

since at t = 0 the grain size must equal the starting grain size. Grain growth is an

activated process, therefore Eqn. 2.11 is usually written as

G® = Gf+CoeXp kTg t Eqn. 2.12

13



where Cg is a constant Qg is the activation energy for grain growth, k is Boltzman’s

constant, and T is the absolute temperature.

Generally, the cubic "law", where m is equal to 3, is reported in both dense and
porous systems [Coble 1961b, Greskovich and Lay 1972, Coleman and Beere 1975,
Petrovic et al 1985]. This could indicate that the driving force does not equal 1/G.
Brook [1976] proposed that the exponent m is determined by the dominant mechanisms
for grain boundary migration. The growth rate is approximately equal to the aQerage
velocity of the grain boundaries, which is a product of the driving force and th;a mobility
of the grain boundary. The driving force still arises from the curvature 1/G), but the
mobility can vary. If the mobility remains constant then parabolic behavior results.
However, as growth proceeds, the boundary mobility may decrease due to increases
in impurity segregation. Additionally in the porous systems, when pores travel with
the boundaries, the boundary mobility will be affected by pore drag [Kingery and
Francois 1963, Cafpay 19771.

Coarsening is usually described in terms of the evolution of the grain size. For
dense systems and porous systems with pores on each grain boundary junction this is
valid. However, model-based descriptions of densification strain rates should be based
on the mean interpore separation (see section 3.5.2). A convenient assumption is to
put the grain size about equal to the pore spacing since grain size data are available;
but a microstructural examination of most partly-sintered compacts reveals that the

two spacings may be quite different (see section 4.4.1).
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3 EFFECT OF TEMPERA N_DENSIFICATION AND CREEP STRAIN

RATES DURING SINTERING*
Abstract

The densification and the creep strain rates of polycrystalline ZnO and of Al03
powder compacts have been measured simultaneously in a loading dilatometer, under
constant heating rate and constant temperature conditions. The data show that the
ratio of the densification to the creep strain rate is remarkably constant within a wide
temperature range for densification, from the earliest stages of densification to at least
t}’1e.onset of the final stage. This implies that thé sintering stress, which is proportional
to the strain rate ratio, is nearly independent of temperature or of sintered density.
The analysis leads td a simple method for determining the simultaneous densification
over the creep strain rate ratio. The implications of the result for the processing of

heterogeneous ceramics and composites are discussed.

3.1 Introduction
It is widely recognized that the densification behavior of powder compacts
depends significantly on their uniformity, and efforts to achieve a high degree of
uniformity in the initial structure of powder compacts have been very fruitful. In many
| if not most practical powders, however, agglomerate formation cannot be completely
avoided. Further, in a number of important cases, such as the particulate composites,
inhomogeneities are an essential part of the system. The presence of heterogeneities
in the powder combacts lead to local, non-uniform densification rates which, in turn,
produce stresses in the sﬁrrounding matrix that opﬁose densification. Unless these
stresses are relieved by shear deformation (i.e. creep) they can lead to a significant

. reduction in densification rates and may exacerbate the development-of deleterious

* This chapter has been published in part in Chu et al [1989].
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crack-like voids around inclusions [Evans 1982, Raj and Bprdia 1984, De Jonghe et al
1986, Hsueh et al 1986a&b, Rahaman and De Jonghe 1987a&c, Scherer 1987, De
Jonghe and Rahaman 1988].

In addition, clustering of the dispersed phase will lead to the formation of
extended skeletal ségments of the inert particles, arresting macroscopic densification,
aswasdiscussed by Lange [1987]. These clustering effects, rather than the back-stresses
generated by local densification rate mismatch, are likely to dominate the densification
behavior at high inclusion content in particulate composites. If techniques such as slip
casting and use of coated partiéles were employed that prevented the formation of
percolation networks of the inert phase, then the back-stresses which result from local
densification rate mismatch would remain as the most significant factor impeding free
sintering of particulate composite powder compacts. It has been shown by De Jonghe
and Rahaman [1988] and by Bordia and Scherer [1988] that the back-stresses which
arise during the densification of particulate composite powders are simply viscous, i.e.,
proportional to the instantaneous densification strain rate of the matrix. This results
leadsto a fnatrix densification strain rate that is determined by the volume fraction of
the dispersed inert phase and by the ratio of the creep viscosity to the densification

viscosity:

€, = 1+4(I‘_€)(_f_)  Eqn.31

where the superscript dot represents differentiation with respect to time and €, is the

densification strain rate of the matrix of the composite, f is the volume fraction of
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the hard inclusion, ), and n , are the creep and densification viscosities of the matrix,
respectively, €, is the matrix densification strain rate at f = O, defined by

€ me = —2/Mg,where X is the sintering stress.

The magnitude of the ratio of the creep viscosity to the densification viscosity of
fhe matrix i1s therefore an important parameter in the densification of pérticulate
| systems in which the inclusion phase is uniformly distributed, even though this ratio is
unlikely to vary by orders of magnitude, as first postulated by Hsueh et al [1986a], and
Raj and Bordia [1984].

In general the analysis of sintering is done at a constant temperature; but
practically, densification cannot be carried out isothermally, and it is well known that
significant densification usually occurs before the isothermal sintering condition has
beenreached. Alternativ'ely, non-isothermal processing methods might be considered
to affect the microstructural evolution of the powder compact. Thus, the dependence
of the ratio of the densification strain rate to the creep strain rate on temperature
needs to be examined for non-isothermal conditions. From the ratio of the densification
strain rate to the creep strain rate, the ratio of the creep viscosity over the densification
viscosity can be inferred, allowing an assessment of the possible effects of heating

schedules on densification of particulate composites.

Rahaman and De Jonghe [1984] have used the technique of loading dilatometry
to measure simultaneously the densification and creep strain rates in a number of
ceramic powder systems [Rahaman and De Jonghe 1984 & 1987, Rahaman et al 1986,
1987 & 1988, Lin et al 1987, De Jonghe and Srikanth 1988]. Generally, for each system,
the densification and creep strain rates were measured at a single, isothermal sintering
temperature. A selection of the data is shown in Fig. 3.1, where the ratio of the linear

densification strain rate to the creep strain rate is plotted as a function of relative
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density. Over a wide density range, covering at least the intermediate stage of sintering,
the ratio of the densification over the creep strainrate is almost independent of density.
The value of this ratio decreases with decreasing initial (green) density and is system

specific.

In a study on the creep-sintering of soda-lime glass powder compacts [Rahaman
etal 1986] conducted at two cloSely separated temperatures (580 and 605°C), the data
indicated that the ratio of the densification to the creep strain rate was nearly
independent of temperature (Fig. 3.1). The objective of the present section is to
examine the dependence of the densification and creep strain rates on temperature

“from experiments conducted over a wide temperature range for a constant heating -
rate schedule. Data were obtained for two different crystalline powders: ZnO and
Al203. For comparison, data were also obtained on the isothermal creep-sintering of

alumina.

3.2 Experimental Procedure
3.2.1 Zinc Oxide

ZnO® powder compacts (6mm in diameter by 6mm) having an initial relative
density of 0.44 + 0.01 were made by uniaxial compaction in a tungsten carbide die at
~10 MPa. The same powder was used by Rahaman and De Jonghe [1987] in earlier

sintering studies.

The compacts were sintered in air in a loading dilatometer [De Jonghe and
Rahaman 1984a], under uniaxialloads of 0 or 7N, at a constant heating rate of 4°C/min.
The experiment was stopped at 1000°C, where densification was nearly complete. The

load of 7 N, corresponding to an initial stress on the green compact of 0.2 MPa, was

*

Reagent grade, Mallinckrodt Inc., Paris, Ky
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applied when the temperature had reached 500°C when shrinkage just commenced.
The mass and dimensions of the samples were measured before and after sintering
- and the final densities were verified using Archimedes’ method. In a separate set of
experiments, sintering under the load of 7 N was terminated at temperatures between
500 and 1000°C, and the dimensions of these compacts Were measured using a

micrometer.

Other compacts from the same powder which were pressed to an initial relative
density of 0.53 + 0.01 were sintered under similar conditions with constant heating

rates of 20C/min, 4°C/min, or 8°C/min.

3.2.2 Aluminum Oxide
Procedures similar to those for ZnO were used for the Al;O3 powder”. The

powders were compacted in a die to an initial relative density of 0.52 = 0.01. They
were then sintered in air at constant heating rate, up to a maximum temperature of
1400°C. The loads of 0 and 7 N were applied from 1000°C on, at which point
densification could not yet be detected. In addition to constant heating rate
experiménts, samples were isothermally sintered at 1350°C in air, for 2 hours, under
aload of 7 N. These samples were inserted rapidly into the hot zone of the dilatometer
and reached the sintering temperature in about 5 - 7 min. After the initial temperature

transient the load was applied.

* Alcoa Chemicals, Pittsburg, PA.
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3.3 Results
3.3.1 Zinc Oxide

Figure 3.2 shows the results for the axial true strain, ez* ', versus temperaturé

for the ZnO samples sintered at a constant heating rate of 4°C/min under zero applied
stress and under an initial stress of 0.2 MPa. Each curve is the average of two runs
under the same conditions and each is reproducible to + 1%. The results for the axial
true strain, €, , versus the radial strain, €, , determined by terminating the sintering
runs at temperatures between 500 and 1000°C, are shown in Fig. 3.3; each data point
was obtained using a different sarﬁple. The shrinkage of the sample sintered under

zero stress is seen to be almost isotropic.

Within the limits of experimental error, the applied stress caused no change in
the density; the final density of the sample sintered under the initial stress of 0.2 MPa
was 0.97 compared with 0.96 for the sample sintered underzero stress. The'deformation
of the sample under the action of the applied stress was therefore constant volume

creep.

Figure 3.4 shows a plot of €, versus €, for samples sintered between 500°C and

1000°C under constant heating rate conditions of 20C/min, 4°C/min, and 8°C/min
at a constant load of 7 Newton. Figures 3.5a, b, and ¢ show the microstructures at a

constant relative density of approximately 0.70.

* true strain = In(length / original length), from now on true strainwill be referred

to as the strain.
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3.3.2 Aluminum Oxide

Figure 3.6 shows the axial true strain, €., , versus the radial true strain, €, , for

the AlPO3 powder compacts. Line A corresponds to the constant heating rate
experiments, while line B corresponds to the isothermal experiments, both at anapplied
load of 7 N. Line B does not go through the origin, since some shrinkage has already
occurred in the heat-up period, before isothermal conditions were reached and the

load was applied. Line C corresponds to the zero load sintering.

3.4 Analysis

In this section the densification strain rate, €, , and the creep strainrate, €, , are

related to the axial-strain/radial-strain plot, €, versus €, . From the analysis, some

simplified experimental procedures emerge.

‘For a body loaded uniaxially and deforming uniformly it is readily shown that the

linear densification strain is

3e, = €, + Ze,
Eqn. 3.2
while at the same time, for the total axial strain, €,
€ z = € c + € d
Eqn. 3.3
from which
€ = §(€z - €,) Eqn. 3.4
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where the meaning of the various strains is indicated in Fig. 3.7.

If the creep strain at constant uniaxial stress is linearly proportional to the

densification strain then one must expect that

Eqn. 3.5

The relative densification and creep strains as shown in Fig. 3.6 can be obtained

from dilatometer data in Figs. 3.2 and 3.3, and #lensity measurements.

The densification strain rate, €, , and the creep strain rate, €. , can be obtained

as a function of temperature by fitting smooth curves through the data of Fig. 3.8 and

differentiating:
_p 4 dp
€a T :—3_5 - _3_5&__7: Eqn. 3.6
de.
€. = z! a7 Eqn. 3.7

p is the instantaneous density, T is the temperature, and the factor 4 arises from the

constant heating rate of 4°C per minute that was used in the experiments when time

is expressed in minutes.

Eqns. 3.4 and 3.5 are also valid as strain rate-equations so that

€q _ (k+2)
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At fixed density, i.e. p = 0, constant volume creep requires that

€. = =—2¢

Cc rc

Eqn. 3.9

where €, is the radial component of the creep strain. The locus of €, at some fixed

density ina plof of €, versus €, is then a straight line with a slope of 1/2, as shown
in Fig. 3.9a. The data for constant load creep should then follow a straight line in the
€, /e, plot and intersect a constant density line when the sintered density with applied ‘
uniaxial stress equals that of the sintered density at zero load. This intersection for
ZnO (see Fig. 3.9a) shows at once that creep indeed occurs at nearly constant volume.
Similar results are obtained for AlHO3. Near constant volume creep flas been observed
for all ceramics studied so far by low-load loading dilatometry. It is then possible, with
considerable confidence, to identify the €, value corresponding to a measured
shrinkage strain, €, , for a particular density, by making a construction as shown in

Fig. 3.9b, without the need of measuring €, directly.

As seen from Eqn. 3.8, the ratio of €, /€, is very sensitive to variations in the

values of k. In the actual experiment, the data are collected at constant load rather
than at constant stress. Since the sample cross sectional area, A, changes from the
initial one, A, as a result of densification and creep, the applied uniaxial stress, o,

differs from the initial stress, o, :

g = A Eqn. 3.10

An estimate can be made readily of how much change in k would be associated

with the changing stress for the experimental conditions adopted here, or what the



error would be if the constant load experiment is simply treated as if it were at constant
stress. To allow for this estimate the total strains are needed, and for the sake of
illustration a simple creep relationship, which materials such as ZnO obey well for a

large part of the densification, will be adopted:

C

—e, = Boln(t)
- Eqn. 3.11

and differentiating,

- Bo B.o,A,
e = BO _ o
A

¢ t t

Eqn. 3.12

where B is a Kkinetic constant, ¢ is the applied uniaxial stress, A is the cross-sectional
area, and t is the time. Also one has:

A, R,\° .

— = | 5] = exp(-2¢,) Eqn. 3.13

A R | e

where Ry and R are the initial and the instantaneous radius of the sample cross section.

To a first approximation the creep strain rate may be expressed as

. o,B(1-2¢,)
PR , :

c ¢ Eqn. 3.14

At low loads, the creep strain has been found to be much smaller than the

densification strain (typically €, < 0.2 €q ). Then, with €, = €, , integration yields
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e.(t,o) = € (t,o,)(l+e€y)
Eqn. 3.15

Eqn. 3.15 can be used to correct k to constant stress. The necessary information
is shown in Fig. 3.10 where line 1 is the isotropic line, line 2 is the constant load line,
and line 3 is the constant density line. The correction to each €, and €, datum point

for ZnO is shown in Fig. 3.11.

The values of k that follow from such an analysis are 1.33 for ZnO, and 1.29 and
1.30 for AlpO3 done under constant heating rate and isothermal conditions,
respectively. Using Eqn. 3.8 this then yields values of the densification strain rate over
the creép strain rate as 5.00 for ZnO, and 5.67 and 5.50 for A1203, all at a stress of 0.2
MPa. Data can also be obtained from the creep strain rate (converted to constant
stress rates by compensating for the cross-sectional area change) and densification
strain rate measurements, rather. than from the total strain determination. The ratios
of €, /e, obtained from the rate measurements are 4.5 - 5.0 for ZnO and 5.7-6.5 for
AlpO3. The data for ZnO are shown in Fig. 3.12. The two methods for obtaining €, /e,
are in close agreement. This shows that the total strain determination is useful for

generating values of €, /€. with minimum experimentation.

Asseenin Fig. 3.4 all the (€, , €, ) values for ZnO with an initial relative density

of 0.53 sintered with constant heating rate conditions of 20C, 4°C, and 8°C/min all

fell onasingle line. The value of k is 1.15, which gives avalue for é‘d /e . of approximately

10.5.



3.5 Discussion

The discussion is divided into three sections. First, the general implication of the
densification and creep strain rate ratio to the sintering stress is considered. Then,
strain rates equations are derived rigorously under ideal conditions. Finally, the
densification and creep viscosity ratio for real systems and its implication to sintering

are discussed.

3.5.1 Densification Strain Rate

In general rate expressions are written as a product of two components, a kinetic
term and a driving force term. Similarly, the densification strain rate equation can be
written as a viscosity term, which includes the various kinetic terms and the
microstructural terms, times a driving force term, which include both the internal

driving force, ¥ , and the externally applied driving force, o, .

: 1
Ca = n—d(z+60) Eqn. 3.16

where €, is the densification strain rate, m, is the densification viscosity, ¥ is the

sintering stress, and 0, is the external applied hydrostatic pressure which is equal to

one third of the uniaxially applied stress,o .

By analogy the creep strain rate for a deforming material is written

c Eqn. 3.17
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where €, is the creep strain rate, 1, is the creep viscosity, and o is the applied uniaxial

pressure.

The densification strain rate over the creep strain rate gives

éd nch
-— = +

€. N\ o 3 Eqn. 3.18

By measuring €, /e, the behavior of the viscosity ratio and the sintering stress

can be inferred. Figure 3.12 shows the ratio of the densification strain rate over the
creep strain rate for ZnO. This ratio is nearly constant as a function of temperéture,
for the ceramics examined here: ZnO and Al2O3. The results of the isothermal loading
dilatometry in Fig. 3.1 demonstrate that the creep strain rate over the constant-stress
. densification strain rate is also insensitive to density changes for a particular system.
In addition, as seen in the AlpO3 experiments, the densification strain rate over the
creep strain rate is equal in this experimental case for both the isothermal condition
and the constant heating rate condition. Therefore, the densification over the creep
strain rate can be obtained reliably from a non-isothermal experiment, extending the
measurement range to the earliest stages of densification. Deviations of the
proportionality between the constant stress creep strain rate and the simultaneous
densification strain rate would be manifested by the €, vs. €, data not extrapolating
through the origin. Such a deviation is not apparent in Figs. 3.6 or 3.11; thus €, /€,
is nearly constant from the onset of sintering. The final stage of densification remains
unexplored to date, since the density change is very slow and therefore accurate

measurements become difficult to obtain.
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Creep and sintering experiments (Fig. 3.1) now have shown thate, /&, remains

relatively constant from the onset of densification to the final stages of sintering for
the systems executed so far. For a specific system this ratio usually does not vary by

more than a factor of 1.5.

The orily significant change in the strain rate ratio for compacfs made from the
same powder results from a change in'the initial density. While the value of the ratio
still remains fairly constant for the specific system; the compact with the higher initial
density has a higher densiﬁéation/ creep strain rate ratio than the compact with the
lower initial density. This trend can be expected since, when compared at a constant
density, compacts with a higher starting density will have a smaller grain size. Since
the sintering stress is expected to scale with the inverse of the structure’s scale (see

Eqn. 2.4) the compact with a smaller grain size will have a higher driving force. -

The constancy of the ratio ofe, /€, can result either from 1. /n, and % both

being constant or by the two factors compensating for each other. Since a compensation
mechanismisunlikely and measurements of the viscosity ratio show little, if any, change
[Rahaman et al 1988, De Jonghe and Srikanth 1988] the constancy in the strain rate
ratio is a strong indication that the sinteﬁng stress, I , is constant within the same
density range. This change is considerably less than what would be expected on the
basis of most models (see section 2.2.1) which predict an increase in the sintering stress

as the material densifies.

3.5.2 Model Derivation of Strain Rate Equation

An equation for the densification strain rate of a system can be derived rigorously

under ideal conditions of uniform particle size and packing distribution. Although real
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powder systems are far from ideal and always have variations in size and packing, the
derived densification strain rate equation gives a guide to the minimum number of

parameters necessary to describe the densification behavior.

3.5.2.1 Grain Boundary Diffusion

The derivation of the linear densification strain rate, €, , for spherical partiéles,
with grain boundary diffusion as the mechanism is shown in the following paragraphs.

The geometry of the particles and the grain boundary is shown in Fig. 3.13. The

flux as a function of a radius, r, is

_vau

F(r) = kT Eqn. 3.19

where Dy, is the grain boundary diffusion coefficient, Q2 is the atomic volume, k is

Boltzman’s constant, T is the absolute temperature, and j is the chemical potential.

The total number of atoms crossing along the circumference at the radius per

unit time is given by

21r6D, VL
J(r) = - OKkT Eqn. 3.20

where 8 is the grain boundary thickness.

The rate of approach of the two sphere centers, du/dt, is related to J(r) by:

nréd
Iy = r2du

Q ‘d"; , Eqn. 3.21
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since the displacement rate at the boundary must be independent of r.

From Eqns. 3.20 and 3.21,

adp
ar —2Ar Eqn. 3.22

A is a constant. From integrating Eqn. 3.22 one obtains

Eqn. 3.23

Since p = Qo0, where o is the stress on the boundary, Eqn. 3.23 can be rewritten as

o = —a " Eqn.324

From the boundary conditions, A and B can be found. The first boundary
condition is that the stress at the edge of the neck is equal to zero, i.e. 6 (R) = 0, and

the second condition is that the average stress on the grain boundary, -

2t FR(G(r))rdrd®
o} = = X
ave —[O '/:) (b Eqn. 3.25

nR?

where X is the sintering stress and ¢ * is the stress intensification factor. If all the

internal driving force of the system were removed then ¥ can be thought of as the

*¢ = the total area / grain boundary area (see Fig. 2.5 and section 4.4.1)
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externally applied stress necessary to attain the same densification strain rate as when
the system had its actual driving force. By solving for A and B, the total flux coming

out at the edge of the neck is

81D ,5%4

J(R) = —= Ean. 326

To relate the flux at the neck between two particles to the shrinkage of the body,

consider spherical particles in a simple cubic cell arrangement (Fig. 3.14). The total

volume transported out of one neck in the time interval At is equal to

J(R)QAL AmmR?
> = “—2_ Eqn. 3.27

Am s the change in the corresponding cell center-to-center distance, R is the neck

radius, and the factor of 2 arises because each neck is shared by 2 cells. Volumetric
shrinkage occurs in all three directions so that

ﬂ Al Am An

= — + — 4+

14 [ m n Eqn. 3.28

Since V = lmn , the rate of change in the cell volume is

dlV AV mn ln lm
T QJ
- dt At (

= + +
nR? nR*? nRZ)Eqn.3.29

By definition, the cell external surface area divided by the neck area is equal to

¢, so that Eqn. 3.29 is equal to
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dV

= 36QJ
dt (b-

Eqn. 3.30

since one atom of volume (2 removed from a boundary reduces the cell volume by

¢,

The instantaneous volumetric strain rate of the cell is obtained by dividing dV/dt
by the cell volume, V, which is equal to {mn. Taking [ =m = n = x, where x is also

the center-to-center distance between the pores,

1 dV 36QJ
vV dit e Eqn. 3.31

The linéar densification strain rate, €, is equal to -(1/3V)(dV/dt) so that

_ 8nD,80¢°Y

€q < Eqn. 3.32
x3kT

3.5.2.2 Volume Diffusion

The linear densification strain rate for volume diffusion can be obtained from

Eqn. 3.32 by substituting 2R for 8 and Dy for Dy [Raj and Ashby 1975]. Since ¢ 1s
equal to x2/R2

3

161D, Q625
x°kT

Eqn. 3.33

€Eq =

eral Isothermal Densification Strain Rate Equation

Equation 3.32 and 3.33 may be written in the general form:
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n+

1
HD¢ * (¥+0,) Eqn. 3.34

€, = '

x"kT

where H is a constant, D is the diffusion coefficient, Z is the sintering stress and o,

is an additional hydrostatic applied stress as, for example, from hot pressing (o, = 0
for free sintering), ¢ is the stress intensification factor, n = 3 for grain boundary
diffusion and n = 2 for volume diffusion, x is the center-to-center pofe spacing, Kk is

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

3.5.2.4 Creep Strain Rate

When the applied stress induces creep without biasing densification, the
mechanisms for creep and densification are the same [Rahaman and De Jonghe 1984].

Therefore, parallel with Eqn. 3.34 the creep strain rate is written as

n+l

’ 2
E‘ = H’D (b o Eqn. 3.35
‘ x"kT
where 0 is the uniaxially applied stress (0, = %o ) and H’ is a constant.

3.5.2.5 Ratio of Densification Strain Rate / Creep Strain Rate

As evident from Eqns. 3.34 and 3.35, the densification strain rate over the creep

strain rate is
€4 X §;+1
: g 3 Eqn. 3.36
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where Kis a constant and o is the uniaxially applied stress. When Eqn. 3.361s compared

to Eqgn. 3.18, it is seen that under ideal conditions the viscosity ratio is a constant,

therefore the strain rate ratio is a directly proportional to the sintering stress.

As evident in Fig. 3.1 the sintering stress under isothermal conditions for a given
system is fairly constant as a function of the sintered density. In addition, from the
non-isothermal experiments, as a function of temperature, the sintering stress does not
change as a function of temperature. Specifically, the results obtained with Alp03
show that the sintering stress for both isothermal and constant heating rate are the

same, extending the range of the determination of the sintering stress to lower densities.

3.5.3 Densification Viscosit reep Viscosit
The general strain rate equations derived in the previous section indicate that
the viscosity ratio of a system should remain constant. It is instructive to see how this

ratio behaves in real systems.

The ratio of the creep viscosity over the densification viscosit)" does not follow
directly from the measured values of the densification strain rate over the creep strain
rate. To obtain these values from loading dilatometry experiments, it will be necessary
to measure precisely the small density increases that result from the hydrostatic
component of the applied uniaxial stress. In principle, this should be’possible, since
the hydrostatic component of the applied stress, 7, , can be added simply to the sintering

stress, 2 :

Wit a

Eqn. 3.37

2+ .
' €4(0=0)+

€ (0) =
¢ up 3Nq
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so that with

€ = Eqn. 3.38

one obtains

M.
nd Ec

Eqn. 3.39

The measurements presented here were not sufficiently accurate to determine
whether this ratio is indeed constant throughout the densification process. In several
liquid phase sintering systems, accurate measurements showed that the ratios indeed
remained fairly constant throughout the intermediate stage of densification, and were
less than 2 [De Jonghe and Srikanth 1988, Rahaman et al 1988]. Theoretical
consideration by Bordia and Scherer [1988] lead to the conclusion that the ratio of the
creep viscosity over the densification viscosity should be less than 1.5. Further, the

- constancy of the densification strain rate over the creep strain rate would require some
unlikely compensation mechanisms to be at work if the viscosity ratio were not constant.
All these consideration lead to the conclusion that both the sintering stress, ¥ ,and the
creep viscosity over the densification viscosity , . /n, , are constant from the very

early stages to late into the intermediate sintering stage.

The sintering stress could be constantif the poresize decrease due to densification
is approximately compensated by the pore size increase due to coarsening. In systems
in which coarsenir‘ig is suppressed, e. g. monosized particles, the sintering étress would
have to increase with density. The results of Gregg and Rhiﬁes [1973] on large,

monosized copper :e,pheres would be in this category and their measurement show an
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| increase in the sintering force. In addition the driving force for sintéring should include
both the curvatures of the pore and grain size [Cénnon 1981, Raj 1987], so even though
the decreasing size of the pores should increase densification the increasing grain size
would slow the process. Finally, in a conventional powder compact, a multitude qf
densification states are present simultaneously which makes the pore structure very
complicated [Barrett and Yust 1967]. The shift from open porosity to closed porosity,
for example, does not take place suddenly, but develops gradually throughout the
densifying compact [Coleman and Beere 1975]. This would also tend to average

changes in the sintering stress and thereby smooth the changes [De Jonghe et al 1989].

3.6 Summary

The results of the present study show that, when constant volume creep
deformation occurs during sintering, the ratio of the densification to the creep strain

rate is almost independent of temperature and heating rate.

A model based on a homogeneous system shows that the densification and creep

* strain rate ratio is a direct measure of the sintering stress.

Within the useful temperature range for densification, the ratio of the

densification to the creep viscosity is nearly independent of temperature.

The present data have important implications for the sintering of heterogeneous
ceramics and composites. The matrix densification strain rate of a particulate
composite containiﬁg a fixed volume fraction of inclusions is predicted to increase with
increases of the densification to the creep viscosity ratio. However, since the viscosity -
ratio appears to be independent of temperature and heating rate; an effective method

to improve sintering of composites is to improve sintering of the matrix phase.
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4 EFFECT OF HEATING RATE ON SINTERING AND COARSENING
Abstract

The sintering of zinc oxide powder compacts has been investigated at constant
rates of héating of 0.5 - 15°C/min. For samples with the same initial relative density
of 0.50, the temperature derivative of the densification strain versus density fits within
a single, relatively narrow band. At low temperatures the densification strain rate as
a function of temperature increases almost linearly with the heating rate. The data,
covering a wide density range of 0.5 - 0.98, are consistent with an analysis that accounts
for the coarsening, (defined as an increase in the mean pore separation) in terms of
two classes of microstructural cparseni‘ng processes: those associated with densifying

and with non-densifying mechanisms.

4.1 Introduction

An important processing goal for technical ceramics is obtainiﬁg a uniform
microstructure, at high density with desired grain size. To obtain this goal a range of
experimental techniques, such as hot pressing or heating with varied time-temperature
schedulesfor the sintering process, are available. In this chapter the effects of particular
time-temperature schedules, constant heating rates, are examined.  Such
non-isothermal processing steps are quite important since they occur, to varying
degrees of approximation, in all sintering processes. Even a so-called isothermal
sintering has a heat-up period in which considerable microstructural developmeni and

“densification can occur; frequently, more than half of the possible densification of a
ceramic compact is reached at the end of this heat-up phase, regardless of how rapidly
it is executed. In several instances, very rapid heating, also called fast firing, has
produced beneficial effects in maintaining relatively fine microstructures at high

sintered densities [Brook 1982, Johnson 1984]. The heating rate is thus an intrinsic
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part of sintering, .either where used as a parameter to influence the course of
microstructural evolution or as a contribution to the starting conditions for

conventional, constant-temperature processing.

Much work on the effect of heating rate on sintering was conducted fifteen to
twenty years ago. Typically, data for the initial stage sintering of amorphous or
polycrystalline powder compacts were correlated with data obtained under isothermal
sintering conditions. Only limited success in the correlation of data and model was
achieved fpr polycrystalline systems. This was primarily due to the difficulties in
analyzing sintering data when several transport mechanisms were active
simultaneously. Cutler [1969] studied the initial sintering of spherical glass powder .
compacts at constant ratés of heating from 0.4 - 2.99C/min and compared the data
with the predictions 6f Frenkel’s model [1945]. Good agreement between theory and
experiment was obtained if the viscosAity of the glass was described by a thermally
activated process with a fixed activation energy. Thé initial .stage sintering of
polycrystalline powder compacts has been studied by Young and Cutler [1970], who
analyzed their data in terms of an equation developed by Johnson [1969] for the
sintering of two spherical particles by simultaneous volume, grain-boundary, and
surface diffusion. Young and Cutler suggested that, in constant heating rate
experiments, there may be distinct temperature regions in which grain-boundary or
volume diffusion rhay dominate over surface diffusion. This behavior was, however,
not readily apparent from the data. Woolfrey and Bannister [1972] formulated
techniques for analyzing the initial stage shrinkage during constant heating rate
sintering and concluded that, in principle, their techniques permit the determination
of all the sintering parameters normally obtained from isothermal sintering data. Data
for the rate law, diffusion coefficient, and activation energy obtained from constant

heating rate and isothermal sintering of UO2 and ThO7 showed good agreement.
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Woolfrey and Bannister’s results might be considered to be fortuitous since, as in the
work of Young and Cutler a central issue, i.e. the simultaneous occurrence of more

than one sintering mechanism was not addressed.

Recently, Lange [1989] studied the sintering of A1203 powder compacts with the |
same initial density at constant rates of heating of 2.5 - 200C/min up to 1500°C. For
eachheatingrate, the shrinkage strain rate increased toa maximum and then decreased.
The maximum densification strain rate occurred at approximately the same relative
density o_f 0.77 for each heating rate. Lange suggested that sintering kinetics dominated
the densification pfocess up to arelative density of 0.77 after which coarsening kinetics
dominated. In contrast to the earlier work discussed above that studied the initial stage
of sintering only, the data of Lange covered almost the entire densification process. It
is interesting to note here that the maximum densification strain ‘rate occurredv at

densities where, under isothermal conditions, logarithmic densification is observed.

It is generally accepted that the critical issue in microstructure development is
the interplay between densification and coarsening [Brook 1982]. Usually, coarsening
is described as the evolution of grain size. While for dense materials thisis undoubtedly
the feature of importance, model-based descriptions of densification strain rates should
be based on the mean interpore separation. A convenient assumption is to put the
grain size about equal to the pore separationb (see section 2.3), but a microstructural
examination of most partly-sintered compacts reveals that this is not a very accurate
assumption. With respect to the densification strain rates, it is proposed that the
relevant coarsening parameter is the increase in the mean pore-separation, x (see
section 3.5.2). With this definition, and with a distribution of pore sizes in a given
matrix, two classes of processes can be recognized as contributing to coargening:

non-densifying processes, such as ones governed by surface diffusion and evaporation/- -
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condensation where smaller pores disappear by depositing themselve;s on larger pores,
and densifying processes, such as the ones brought about by grain boundary and volume
diffusion where the smaller pores disappear as a consequence of overall densification.
If the temperature dependence of these two classes of coarsening mechanisms are
considered, then at least two different activation energies are necessary to describe
the temperature dependehce of coarsening. One objective of this chapter is to show
the influence of the heating rate under conditions where the two coarsening processes

are effective.

Earlier work by De Jonghe and co-workers [Rahaman and De Jonghe 1987b, Chu
et al 1989] indicated that ZnO and CdO can be useful as model oxides for isothermal
sintering studies. It was found for these, as well as for a number of other.ceramics and
glasses, that the ratio of the densification strain rate to the constant-stress creep rate
remains constant, from thé onset of densification to relative sintered densities in excess
of 0.9 (Fig. 3.1). For ZnO [Chu et al 1989] this constancy of the ratio was also observed
under conditions of a constant heating rate of 4°C/min. Subsequent experiments
following the same procedures with heating rates of 29C/min and 8°C/min also showed
a constant ratio of the densification strain rate to the constant stress creep strain rate.
This constancy leads to the conclusion that the sintering stress, which is related to this
ratio, is likely to be constant under similar conditions. The present chapter examines
the non-isothermal densification behavior of ZnO pbwder compactsat constant heating
rates between 0.5 and 15°C/min. All compacts had the same initial relative density
of 0.50 + 0.01, and the experiments were terminated at 1100°C, when the samples
reached relative densities in excess of 0.96. The analysis, using relatively simple and
model unspecific rate expressions, predicts qualitatively the major effects of the

densification behavior, such as the 'insen'sitivity of both the densification strain and the
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temperature derivative of the densification strain to the heating rate. In addition, the
analysis shows the need to include separate coarsening processes with different

activation energies to account for the data obtained at various heating rates.

4.2 Experimental Procedure’

ZnO powder compacts (6mm diameter by 6mm) of the same initial relative density
of 0.50 = 0.01 were made by uni#xial .compression of the powder at ~20 MPa in a
tungsten carbide die. Constant heating rate sintering was performed in a dilatometer
at five imposed hez;ting rates ranging from 0.5 to 15°C/min. The sarfxe procedure was
used in all sintering runs; the sample was heated at 10°C/min from room temperature
to 500°C (below which temperature no densification could be detected) followed by
* a controlled heating rate to 1100°C, after which the sample was cooled rapidly. The
shrinkage of a standard qﬁartz sample was measured under identical conditions in
order to correct for differences in shrinkage between the dilatometer” " rod and the
sample holder. The dénsity of the ZnO sample was determined from its initial density
and the measured shrinkage. The microstructure of selected samples was observed by
scanning electron microscopy of polished and etched surfaces. Additionally, the fmal'

average grain size of the samples was measured.

4.3 Results

Figure 4.1 shows results for the relative density, p , vs. temperature, T, for samples

with the same initial relative density of 0.50 = 0.01 and sintered at constant rates of

heating ranging from 0.5 to 15°C/min. The data for any heating rate are reproducible

* Most of the experiments described in this chapter were performed by M.N.

Rahaman.
** Harrop Industries, Inc., Columbus, OH
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towithin+ 1%. The curves have the familiar sigmoidal shape and, generally, are shifted
to higher temperatures with increasing heating rate; the final densities are high (0.96
- 0.98). It can be noted that the achieved sintered densities at any temperature showed

a modest but systematic dependence on the heating rates.

The temperatures derivative of the densification strain, (1/p )dp/dT, is plotted

in Fig. 4.2 as a functionof p for the differentheatingrates. The data fall into a common
band for the relatively wide range of heating rates psed. (Much higher heating rates
could not be used with the exis;ting equipment; in addition, higher heating rates can
be expected to lead to problems with thermal gfadients in the sample. Much lower

heating rates are vei'y time consuming and difficult to control accurately.)

Figure 4.3 shows the data for the volumetric strain rate, (1/p )dp/dt, plotted as

a function of temperature for the heating rates used. (The linear densification strain
rate is equal to one third of the volumetric strain rate.) The maximum of the curves
shifts slightly to higher temperature with increasing heating rate. Above ~700°C the
densification strain rate at a fixed temperature increases épproximately linearly with
heating rate; however, below this temperature the increase in densification strain rate
is lower. It can also be noted that in the early stages of sintering (~3550°C) the
densification strain rate is not independent of heating rate; moreover, if the curves are
extrapolated to S500°C (at which temperature measurable shrinkage begins) they do

not converge to a single densification strain rate.

The final grain sizes of the samples sintered at constant heating rates of
0.59C/min, 2°C/min, 5°C/min and 156C/min are 9.6+ 1.8 ym, 7.2+ 0.9 pm, 5.9+

0.5 um, and 5.0+ 0.7 pm respectively. Scanning electron micrographs of the samples
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for S°C/min and 0.5°C/min are shown in Figs. 4.4a and b, respectively; both samples
were heated to 1100°C and then cooled. The starting particle size of the ZnO starting

powder was ~0.1 pm.

InFig. 4.5 the cube of the average grain sizes of samples sintered at various heating
rates is plotted versus the inverse of the heating rate, a”' . The significance of this

figure will be discussed in section 4.4.1.

4.4 Discussion

The discussion has been divided into three sections. First, an equation for the
sintering and microstructural evolution is developed. Next, special microstructural
conditions of no coarsening and extreme coarsening are considered. Finally, numerical

calculations and experimentally based values of the pore spacing are compared..

ode
The results of sintering at constant heating rates should follow from an
appropriate sintering and microstructural evolution model and its constitutive
equations. In this section the results will be interpreted in the context of an expression
for the densification strain rates as well as for the microstructural evolution. The

expressions should conform to the multitude of empirical observations.

The instantaneous isothermal, linear densification strain rate for an ideal

monosize system, €, , as derived in chapter 3 (Eqn. 3.34), is

. n+1
¢ - 1dp _ HD¥¢” Eqn. 4.1
d 3p dit x"kT
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herep istheinstantaneous density, His a constant, D is the volume diffusion coefficient,

T the sintering stress, ¢ is the stress intensification factor, x is an average interpore
distance, k is the Boltzmann factor, T is the absolute temperature, and n depends on
the mass transport mechanism. The mean grain boundary stress for free sintering is
then ¢% . The term ¢ is of geometrical origin [Beere 1978a&b] and is akin to the
efficiency factor introduced by DeHoff [1984]. Real powder systems always have
associated size and packing distributions which are far from ideal, but the derivéd
densification strain rate equation gives a guide to the minimum number of parameters

necessary to describe the densification behavior.

At a given temperature most terms in Eqn. 4.1 are constant, the time-varying
terms are the stress intensification factor, ¢ , the interpore spacing, x, and the sintering

stress, % .

Theoretically, the sintering stress, ¥ , should be proportional to the average of

1/r, where r is the pore radius, and could be expected to change with the density of
the material. In sintering studies with large monosized copper spheres, where
densification occurs without much graingrowth, ¥ doesindeed increase with increasing
density [Gregg and Rhines 1973]. This ideal behavior is evident in restrictive cases
where the particle sizes and packing can be controlled. In contrast, numerous
constant-stress creep and densification experiments with commercially available
powders observe Y to remain constant as sintering proceeds, from the onset of
densification to well into the later stages [Chu et al 1989]. These cbmmercial powders
have a wide range of sizes and packing heterogeneity. Although constant, the value

of ¥ has been found to depend only on the initial powder compact state. In these
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systems the constancy of ¥ will be taken as sufficiently documented, and therefore
“the only terms that change as a result of sintering in the densification strain-rate

equation (Eqn. 4.1) are ¢, the stress intensification factor, and x, the interpore spacing.

The stress intensification factor, ¢ , is defined as the total area of the grain

boundary and the pore divided by the area of the grain boundary. ¢ approaches 1 as
the sample approached full density. .¢ was empirically fitted by Vieira and Brook

| [1984] to an exponential form, i.e.

¢ « exp(aP) ‘ Eqn. 4.2

- where a is a constant that depends on the dihedral angle and P is the porosity. This

relationship was experimentally verified by Rahaman and De Jonghe, and for the

present ZnO system a equals § [Rahaman and De Jonghe 1987b].

Strictly, the'ir'lterpore spacing; X, should onlyincluded pores onthe grainboundary,
and is the most important parameter determining the densification strain rate. So far
few, if any, systematic measurements of x are known. In contrast, extensive data on
grain size evolution are available, and their size is generally taken as the diffusion
length of concern. It is important to recognize, however, that under various conditions
the interpore spacing, x, can differ significantly from the grainsize. It can be envisioned
that local densification must first lead to dense interpore domains which can in turn
support grain growth. A low grain growth rate causes the grain size to lag behind the
increase in the mean pore spacing; a fast grain growth rate will lead either to a grain
size equivalent to the pore spacing or a grain size larger than the pore spacing. In the -
first case, the pores effectively impede grain growth; in the latter, pore break-away
occurs and the pores are left within the gr:{ins. These problems have been studied

exhaustively (although perhaps not conclusively) in the sintering literature and will not
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be addressed here (see section 2.3). During sintering most pores in ZnO remain on
the grain boundary and are fairly evenly distributed within the sample. Therefore the
model considered here is one in which the interpore spacing and the grain spacing

remain strictly proportional.

Measurements of grain growth in porous systems have indicated that (see section

2.3)

G™ G™+g(T)t

Eqn. 4.3

where G, is the starting grain size at t = t,, and m depends on the system. The grain

growth rate coefficient g(T) is generally written as

g(T) = g.exp| --= Ean. 44

go is a constant and Qg is the activation energy for grain growth. The exponents m
and n for grain growth and densification in Eqns. 4.3 and 4.1, respectively do not have

to be equivalent. For ZnO nis equal to 2 for volume diffusion, and m is approximately

equal to 3 [Rahaman and De Jonghe 1987b].

Similarly, the coarsening function can be written as

x™ = x + C(T)Ht |
Eqn. 4.5

where x, is the starting mean pore spacing at t = t,, and C(T) is the coarsening rate

coefficient
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k T qu’l. 4.6

C(T) = C,exp| -
Co is a constant, and Q. is the activation energy associated with coarsening.

For non-isothermal conditions, where the temperature changes with time, Eqn.

4.5 can be written as

Q. )dt
kT Eqn. 4.7

t
x™(T,t) = x' + Cof exp(—
| .

In constant heating rate experiments, for which T = T, + at, with a as the

heating rate, the increment of time, dt, is related to the temperature increment, dT .

through a, 1. e.

a Eqn. 4.8

Then Eqn. 4.7 becomes

m m CO T Qc
x'(T) = x, + — exp| -— |dT

a Jro kT Eqn. 4.9

For constant heating rates, time and temperature are préportional, leading'to the
expectation that the final grain size to the m power, proportional to xm, should be
inversely proportional to the heating rate, a . Figure 4.5 shows that the cube of the
final grain sizes indeed depends inversely on the heating rates used (correlation

coefficient = 0.995), supporting the validity of Eqn. 4.9.
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In any system the mean pore spacing will increase when a pore disappears for
any reason. The removal of a pore can be accomplished by processes involving either
densifying mechanisms or non-densifying mechanisms. These two processes are
distinct, and are likely to have different activation energies and different relative
importances. Processes with low activation energies will dominate at the low
- temperatures and processes with high activation energies will be relatively more
important at the higher temperatures. Since constant heating rate experiments sample
a wide temperature range the coarsening function, xM, will be more appropri.atel_y
described by including two temperat’ure-dependent components: one relating to
densifying processes, and the other relaiing to non-densifying processes. As a first

approach to a function incorpofating these two components, Eqn. 4.9 is rewritten as

- A, T B, [T .
XNTY = x5 v exp(‘&)dr v = exp(-Qd)dT
QA JTo kT aJre - kT

Eqn. 4.10

Xo is the starting mean pore separation; the second term is associated with densifying
mechanisms, where A, is a constant and Qg is an activation energy descriptive of
densifying mechanisms; the third term is associated with non-densifying mechanisms,
where B is a constant and Qg is an activation energy descriptive of non-densifying
mechanisms. In principle, more than one term of this type would need t;) be included;
for the present, however, only one dominant term for each type of mechanisms will be

considered.

. The form of Eqn."4.10 can be rationalized if one assumes, by analogy to grain

growth, that it results from an additive expression for the coarsening rate;

dx A’ B’
-+

dt 2 P A Eqn. 4.11
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where A’ and B’ are the temperature dependent rate cohstants of the form
Aoexp(-Q/kT) describing the separate densifying and non-densifying proceéses. Ifone
takes p to equal q then the form of Eqn. 4.10 follows; if p doés not equal q, as would
have to be expected in the general case, a more complicated expression would result.

For now p = q is assumed.

[

One merit of Eqn. 4.10, is that it brings out clearly the dependence of the
coarsening on the two different classes of transport processes. The constants A, and
Bg will determine the relative importance of the two processes. Typically, it should
be expected that an activation energy for non-densifying coarsening, Qp4, would be
significantly lower than Qg, when it involves surface transport in a continuous pore
network. A general assertion about activation energies can, however, not be made, as

actual values are likely to be system specific.

It is conceivable and likely that in addition to temperature the two components
of coarsening are dependent on the sintered density of the material such that only
certain types of mechanisms are important for a particular microstructure. For
example, at the lower densities where the pores are open and connected, surface
diffusion can proceed. However, at higher densities where the pores become isolated
surface diffusion or vapor transport can no longer be active and other mechanisms
mustdominate. The various coarsening components will againhave differentactivation
energies but the associated prefactors will depend on the sintered density. In the
present study the sintered density is too closely related to the temperature to determine
a density dependence. To measure the density dependencies of the coarsening

components studies with a wider density to temperature range are necessary.

For constant heating rates the densification strain rate equation, Eqn. 4.1, is now

rewritten as
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n+1l
2

KD(T)¢
(x(T)kKT

Eqn. 4.12

where K = HZ and is constant, (x(T))? is given by Eqn. 4.10, and D(T) is the diffusion

coefficient for the densifying transport mechanism:

| Qg -
D(T) = Doexp(———]{—-f Eqn. 4.13

where Dy is a constant and Q is the activation energy associated with densification.

4.4.2 Limiting Cases of No Coarsening and Extreme Coarsenin
The limiting cases, of extreme coarsening and of no coarsening, can be examined

using Eqns. 4.10 and 4.12.

First, consider the case where little or no coarsening is observed, x = x4; Eqn.

4.12 becomes

Separating the variables and using the constant heating rate conditions,

T = To + at, Eqn. 4.14 is rewritten as

Qq
of 1 ( 1 )d F K rDoexp(—E)dT
]:ao ¢'%l- é—p Pz (p) - axf,’ To kT Eqn° 415
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where the right side depends on ihe inverse of the heating rate and some function,
F(T), that is independent of the heating rate. Due to the dependence of ¢ on density,
F(p ) is not a simple function of density, but F(p ) does increase monotonically with
density. This means that ata particulér temperature, T, the density of the sample with
the slower heating rate will be higher than for the sample with a faster heating rate.
To evaluate the dependence of the sintered density on the heating rate, F(p ) can be
fitted to a functionthat depends on the incremental density and the stress intensification

factor, as follows:

Ap »
F(p) = n;l | Eqn. 4.16

By numerical trial and error, A is found to be approximately 0.7 for the density

range between 0.5 and 1.0. Substituting Eqn. 4.16 into Eqn. 4.15 the incremental density

becomes

1

1 \* prl 1
Ap = (&-) (6) * (F(T)H) Ban. 417

Under conditions of no coarsening the incremental density reached at a particular
temperature is then proportional to the heating rate to the -1.4 power: the slower

heating rate will attain a higher density.

In the other extreme, where significant coarsening has occurred:
XD K Aofexp(—&)dt + Bofexp(—gfﬁ)dt
kT kT Eqn. 4.18

51



Now Eqn. 4.12 can be written as

¢ | .a’%KDoexp(—f—;)

nel n

¢ kT(AofeXp(_f_;)dT - Bofexp(—i;")dT)m Eqn. 4.19

and separating the variables and integrating, Eqn. 4.19 now becomes

n

) -1
F(p) = a" G(T) . Eqn.420

where G(T) is a function independent of the heating rate and sintered density.

Substituting again Eqn. 4.16 for F( p ), Eqn. 4.20 yields

n+l
2

Ap = (a%‘l)K(cb) (G(T))i Eqn. 4.21

It is immediately clear that when the densification exponent, n, and the grain
growth exponent, m, are the same the density at a given temperature is independent
of the heating rate. For ZnO n = 2and m = 3, with A = 0.7 the density reached at

%5 so it has a

a particular temperature will be propo‘rtional to approximately o
relatively weak dependency on the heating rate. Such a dependence is, at least,

qualitatively evident in Fig. 4.1.

It is interesting to contrast the expected éonsequences of heating rate on systems
that coarsen little (e.g. monosize particles) with those that coarsen significantly. As
evident in Eqn. 4.15, when coarsening is absent or minimal then at a specific
temperature, the incremental densification strain, A€, should increase significantly
when the heating rate decreases. This behavior has, in fact, been observed for a near

monomodal system of TiO2 by Barringer et al [1984]. Figure 4.6 shows some of the
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data obtained by Barringer et al, at 1160°C replotted to reflect the incremental
shrinkage as a function of heating rate. Even at the highest shrinkage ( A 1/15) = 0.15
or log( A 1/lp ) = 0.82, with a corresponding relative density is about 0.9) little
coarsening was reported. As Fig. 4.6 shows the experimental results are in good

agreement with (A 1/15),« (Ap) = (a™!'* ) predicted by Eqn. 4.17.

For the present ZnO system, in which coarsening is significant,€ ;,/(¢°/? ) should

be proportional to the heating rate to some power, as follows from Eqn. 4.19. It is
shown in Fig. 4.7 that a?’? fits the observation reasonably well. For higher heating
rates, where coarsening is less pronounced, it is expécted that some deviation from this

relationship will become apparent.

A striking feature of the data is that the temperature derivative of the volumetric
strain, (1/p ) dp /dT, plotted as a function of sintered density, p , fits into a relatively
narrow band for the wide range of heating rates used (Fig. 4.2). Similar data have
been obtained recently by Lange [1989] for Al2O3 powders. The AlpO3 data also
showed that thé shrinkage strain rate increased to a maximum at p = (.77 and then
decreased, from which Lange concluded. that the sintering kinetics controlled
densification below p = 0.77 after which coarsening kinetics dominated. Asseenfrom
Fig. 4.2, the preSent data for ZnO do not show a sharp maximum at p = 0.77; instead

a relatively constant, plateau region between p values of 0.60 and 0.80 is observed.

The relationship betweende /dT and Ap follows from Eqns. 4.8, 4.19, and 4.21: -

Ap Ao (-
de S8 OL('" l)( l) Eqn. 4.22

dT
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for ZnO (n = 2, m = 3, and A = 0.7), Eqn. 4.22 predicts a slight dependence on the

heating rate (~ a~%' ) for a plot of de /dT versus Ap (or p ).

This behavior is seen in Fig. 4.2 where d € /dT as a function of density is plotted

for all the different heating rates used: all data fall within a narrow band. Figure 4.2
actually shows less dependence on a than is consistent withn = 2 and m = 3. One
possible explanation is that n and m were not determined with sufficient accuracy from
the available experimental data and differ less than for the case of volume diffusion

.1
assumed here.

4.4.3 Numerical Calculations of the Coarsening Function, xM
The average interpore spacing, x, of samples from various heating rates can be

extracted from the densification strain rate data with Eqn. 4.12, i.e.

3
K9? Qq
2 _ : _ Eqn. 4.23
. kTe, P\ kT -

With the data from Figs. 4.1 and 4.4, Eqn. 4.2, and an activation energy for
densification taken to be 50 kcal/ moie*, the behavior of x as a function of temperature
can be determined. Log(xz) of the samples from various heating rates versus
temperature is pldtted in Fig. 4.8. Asseen from the figure the mean interpore spacing
increases for all conditions, and at a given temperature the interpore spacing resulting

from the slower heating rate is larger than that from of the faster heating rate. Both

* The activation energy used here is lower than most values cited by Gupta and Coble
[1968] (40 - 80 kcal/mole). The higher activation energies would predict final grain
sizes that are too large to reflect the present data.
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these behaviors are commonly observed. But a dependence of the interpore spacing
on heating rate is evident from the onset of densification. It will be shown that two
different coarsening processes, one with a high and one with a low activation energy,

are necessary to account for this behavior.

The complexit‘y of the expressions for the dependence of the densification strain
rate,€,,on temperatur’e, even in the experimental limits of low and high temperature,
precludes a straightforward extraction of meaningful activation energies from the
sintering data in the general case. In the case of negligible coarsening, as expected
with large or monosize particles at high heating rates, it should be observed that ¢,
at a given temperature is nearly independent of the heating rate. If such is the case,
then the activation energy for diffusional transport can be obtained with some
confidence from the low-temperature region of the constant heating rate data. In other
cases the qualitative features of the coarsening versus temperature can be reproduced

by numerically infegrating Eqn. 4.10 and adjusting the values of the various constants.

Assuming only one coarsening process to be active - the one associated with
densifying processes and characterized by Qg - Eqn. 4.5 will predict coavrsening behavior
asshown qualitaiively inFig.4.9a. This plot was generated byusing Q4 = 50 kcal/mole,
with values for the prefactor® and Xo such that x at 1100°C is equal to ~ 60 x,, for the
héating rate of 5°C/min as suggested by the grain sizes measured on polished sections.
Here, the calculated interpore spacings at heating rates of 15°C/min, 5°C/min, and
20C/min are initially independent of the heating rate, a, :and remain fairly constant
as long as little coarsening has occurred. As temperature increases and coarsening

starts to become significant, the mean interpore spacing increases rapidly. Low

1.0 X 100
4.0X 104

s Ao

>
(o]
]
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temperature separation between the various curves will occur if the activation energy
isreduced. Then, however, at higher temperatures the spacing does not increase rapidly
enough to reflect the data. The calculated values of x2 versus temperature for 30

kcal/mole are shown in Fig. 4.9b.

The major feature of the ZnO data, Fig. 4.8, is that the mean interpore spacings
N
are proportional to the heating rate from the onset of observable densification. This

behavior cannot be reproduced by using only one activation energy for coarsening.

Two components, a low tempera’mire coarsening process, such as associated With
a non-densifying mechanism with an activation energy, Qpd, and densifying
_ mechanisms with activation energy, Q4, must therefore be included in the calculation
to conform, even qualitatively, to the experimental results. The calculated behavior®
from Eqn. 4.10, shown in Fig. 4.10 and approximating well the observed coarsening
behavior of ZnO, was generated using Q4 = 15 kcal/mole and Q4 = 50 kcal/mole,
with the prefactors and 5(0 chosen such that x at 5500C is twice xo and x at 1100°C is

~ 60x, for the heating rate of 5°C/min.

It can therefore be concluded that the description of the coarsening process in
ZnO under constant heating rates is consistent with a coarsening process, i.e., an
e'\.'olution of the mean interpore spacing, that has two components: a low temperature
one of low activation energy, operating while the densification strain rate is very low,
and thus associated with non-densifying processes, and a coarsening mechanism

operating at high temperatures with an activation energy comparable to that of

* A, = 1.0Xx100
B, = .56X109
Xxo = 4.0X104
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densification and therefore associated with densifying mechanisms. It is the latter that
causes the densification strain rate under constant heating rate conditions to decrease

before the final density is reached.

While the experimental examinations are limited here to ZnOQ, it is plausible to
suppose that similar processes of coarsening, characterizable by contributions of
densifying and non-densifying processes, may be recognized in most real

non-isothermal sintering of ceramic powder compacts.

4.5 Summary

The significance of coarsening for sintering is best revealed when the process is
defined as an increase in the mean pore sepé.rat_ion. Analysis of the constant heating
rate conditions can then be performed using a modified isothermal densification strain
rate equation to account for the changes in the pore spacing as a function of time and
temperature. The modification consists in recognizing that for a sample with a
distribution of pore sizes there are contributions of densifying and non-densifying

processes to coarsening:

Thessintering of ZnO at various heating rates is consistent with the model in which
coarsening is significant from the onset of sintering. The densification strain rate
behavior with respect to temperature is consistent with a coarsening process
characterized by two types of activated process, one attributed to densifying processes
at higher temperatures and the other to non-densifying processes at lower

temperatures.
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For sintering without coarsening, where x( T,t ) = X, the modified rate equation
predicts that the incremental strain, A€ , at a given temperature decreases as the
heatingrate increases. This resultis consistent with the sintering behavior of monosized

particles.

For significant coarsening, where x > > x,, the modified densification strain rate,
i.e. €4/(6°/%) at a given temperature is predicted to be proportional to the heating
rate, a”’™ , while the incremental density reached at a given temperature is
independent of the heating rate when the densification and grain growth exponents

are equal and weakly dependent on the heating rate when the two exponents are not

equivalent.

It is shown that a heating-rate independent relation between d € /dT and Ap

follows directly from constant heating rate conditions when the densification and grain
growth exponents are the same, since under these conditions both de /dT and therefore
Ap are independent of the heating rate, a. When the exponents differ, de /dT and

Ap become weakly dependent on the heating rate.
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EFFECT OF COARSENI I RI D MICROSTR
Abstract
MgO and AlpO3 compacts were sintered by two types of process: a conventional
isothermal sintering, and a two—stepv sintering consisting of an initial low temperatﬁre
pre-coarsening treatment before a conventional isothermal sintering. The final
microstructure from the two-step sintering is more uniform and finer than that of
compacts sintered conventionally. '

The differences between two-step and conventional processing are clarified by
'experiments in pre-coarsened and as-received ZnO powders. These compacts were
pre-coar-sened at 4500C for 90 hours with virtlially no increase in the overall density.
The resulting grain size was 1.7 times the starting one, but the standard deviation of
the pre-coarsened powder size distribution was narrower than that of the as-received
powder. The sintering stress of the pre-coarsened ZnO is approxifnately 0.8 that of
the as-received one. A computational model has been used with two components of
coarsening to describe the differer‘lces‘ in evolution of pore spacing between the
pre-coarsened and the as-received system. A

The benefit of two-step sintering is attributed to the increase in uniformity
resulting from 'pife-coarsening. The increased uniformity decreaées sintering damage
and allows the system to stay in the open porosity state longer, delaying or inhibiting
additional coarsening (grain growth) during the final stage of densification. Two-step
sintering is especially useful for non-uniform powder systems with a wide size
distribution and is a simple and convenient method of making more uniform ceramic

bodies without resorting to specialized powders or complicated heat schedules.
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5.1 Introduction

Agglomerationis a problem common to most ceramics powders, and is well known
to increase with decreasing particle size [Rhodes 1981]. Green bodies formed from
such powders contain regions of non-uniform packing, and these lead to differential
densification and sintering damage. The powder compact is particularly susceptible
to the development of such sintering damage in the early stages of densification since
the interparticle necks are then small and can rupture easily. Direct observations of
the development of sintering damage were reported in the work of Weiser and De
Jonghe [1986] on planar arrangements of uniform copper spheres. Damage from.

differential densification was most serious in the earliest stages of densification.

While some sintering damage is virtually unavoidable, efforts to produce more
homogeneous initial powder compacts can reduce the problem. A number of
researchers have addressed the issue of initial heterogeneity. Yan et al [1983]
demonstrated that when the size distribution of the powders was narrowed, the relative
densities could be increased from 0.9 to 0.99. Carpay [1977] found that a wide pore
size distribution increases the tendency for exaggerated grain growth. Carlstrom et al
[1983] observed that for alpha-SiC, heterogeneities in the green body tend to persist
and inhibit sintering to high final densities. Kaysser and Lenhart [1981] showed that
porosity was reduced in sintered ZnO agglémerates when the agglomerates were
presintered to promote neck formatién. Numerous other workers have, tried to
manipulate microstructures by controlling the sintering heat schedule. "Ratio control
sintering” [Brook 1982, Pickup et al 1985] is a process by which the relative rates of
coarsening and densification are determined by the choice of the sintering temperature.
For example, in the case of Al1p03 the activation energy for densification s higher than
that for grain growth, and sintering at high temperatures is therefore indicated. For

MgO, however, the relationship between activation energies for grain growth. and
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densification is uncertain, and it is therefore more difficult to specify an optimum
sintering temperature. A corollary of "ratio controlled sintering” is "ultra-rapid firing"
[Johnson 1984], which can produce dense material with fine grain size by minimizing
the time spent at temperatures where grain growth is rapid compared to densification.
"Rate-controlled sintering” [Palmour and thnson 1967] in which attempts are made
to keep the densification rate constant by adjusting the temperature, in some cases has
also been reported to have beneficial effects on the microstructure. These methods
work best for non-agglémerated powder compacts; for agglomerated systems the
bgneﬁts are less clear, and additional processing steps must be develope;d that could
.rerr;edy, at least in part, the common heterogeneities produced during powder

consolidation.

The approach takenin the present work hasbeento pre-coarsen the initial powder
compact at some low temperature where little or no densification occurs. In addition .
to strengthening the necks between particles, thereby decreasing the risk of sintering
damage development from differential densification, the powder compacts were found
to evolve towards a microstructure that is more uniform than that of the initial powder.
The combination of these two effects is explbited in a two-step sintering heat schedule
that incorporates such pre-coarsening before firing at higher temperatures. The results
of this two-step sintering are contrasted with those of a conventional firing schedule
that brings the compacts directly to the final firing temperature, the single-step
sintering. The materials examined initially were magnesium oxide and aluminum
oxide, while more detailed information on the consequences of pre-coarsening was

derived from studies on zinc oxide.
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5.2 Experimental Procedure
$.2.1 Magnesium Qxide

MgO*, ** powder (diameter 6 mm by 5 mm) was compacted in a die to an initial
relative density of 0.40+ 0.01. This powder, which was also used in earlier studies [Lin

et al 1987], is shown in Fig. 5.1; it has a narrow size distribution but is agglomerated.

Conventional one-step sintering was accomplished isothermally at 1600°C for 1
hour. The sample was first heated to 850°C at 10°C/min and then heated to 16000C
at approximately 759C/min. For two-step sintering the same MgO pellets were initially
pre-coarsened at 1250°C for 48 hours and then sintered at 1600°C for one hour. The
relative density after the 12500C heat treatment was 0.80+ 0.01 and the final density
for both single-step and two-step sintering was 0.93 + 0.01. Schematics of the

temperature schedule for the two types of sintering are shown in Fig. 5.2.

Fracture surfaces were examined by scanning electron microscopy (SEM). The
average grain size was measured from polished sections. In addition, compacts with
the same starting density were sintered isothermally at either 1500°C or 1250°C.
Heating schedules were selected such that the samples could be compared at constant
sintered densities. Fracture surfaces of samples at relative densities of 0.6, 0.7, and

0.8 were examined by SEM.

*

Two-step experiments on MgO and AlpO3 were performed by M. Lin.
** Reagent Grade, J. T. Baker Chemical Co., Philipsburg, N. J.
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2 uminum Oxide

Procedures similar to those for MgO were used for A1203* . For one step
sintering, compacts were siﬁtered at 1600°C for 1 hour. The two-step sintering sﬁhedule
included a pre-coarsening treatment at 1300°C for 24 hours before sintering at 1600°C
for 1 hour. The final relative density for both single and two-step sintering was 0.95

= (.01.

5.2.3 Zinc Oxide

ZnO” powder (6mm in diameter by Smm) was uniaxially compacted in a
tuhgsten carbide die, at ~10 MPa to an initial relative density of 0.49+ 0.01. The same
powder was used for experiments described in sections 3 and 4. Pre-coarsening was
accomplished by heating the compacts at 4500C for 90 hours, in air. The density of
the pellets increased to 0.50+ 0.01 during pre-coarsening. The fracture surfaces of the
as-received and pre-coarsened powder compacts are shown in Figs. 5.3a and 5.3b,

respectively.

Both the as-received and pre-coarsened compacts were then sintered in air, under
identical conditions, in a loading dilatometer [De Jonghe and Rahaman 1984a].
Sintering was completed with zero load or with a uniaxial load of 7 Newton, at a constant
heating rate (CHR) of 8°C/min. The load of 7 Newton, correspor;ding to an initial
stress on the compact of 0.2 MPa; was applied at 520°0C when shrinkage just
commenced. The experiment was stopped at 1200°C. The densification was nearly
complete by 1000°C. The mass and dimensions of the samples were measured before

and after sintering, and the final densities were verified using Archimedes’ method. In

*  Alcoa Chemicals, Pittsburg, Pa.

Reagent Grade, Mallinckrodt Inc., Paris, Kentucky
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a separate set of experiments, sintering with load was terminated ‘at temperatures
between 520°C and 1200°C, and the dimensions of these compacts were measured

using a micrometer. Fracture surfaces and polished sections were examined with the

SEM.

5.3 Results
5.3.1 Sintering of Magnesium Oxide and Aluminum Oxide

Microstructures after a single isothermal heating at 15000C or at 12500C, at
sintered densities of 0.6, 0.7, and 0.8 are compared in Figs. 5.4,5.5, and 5.6. At constant
density, in each case the grain size of the compact sintered at 12500C is larger than
that of the ?:ompacts sintered at 15000C. The difference in grain sizes is more dramatic

as density increases.

Microstructures of MgO and AlpOj after conventional single-step sintering and
after two-step sintering are shown in Figs. 5.7 and 5.8, respectively. For MgO and
Al20O3 both single and two-step sintering processes led to the same final density, but
the microstructure from the two-step process appears more uniform than that from
conventional sintering. The average grain size of MgO after each step, plotted as a
function of density, is shown in Fig. 5.9. The grain size at 0.8 density for sintering at
1600°C was not obtained but, extrapolating from the results of 1250°C and 1500°C
single-step sintering, the grain size should be smaller than that of the compact sintered

at 1250°C to a relative density of 0.8.

5.3.2 As-received versus Pre-coarsened Zinc Oxide

The microstructures of as-received and of pre-coarsened ZnO are shown in Figs.
5.3a and 5.3b. For the as-received ZnQ, 75 particles were measured and their average

size was 0.09+ 0.07 um ; for the pre-coarsened sample 50 particles were measured and
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the average particle size increased to 0.15,,m but the standard deviation of the particle
size distribution had actually decreased measurably to = 0.06 pm . This decrease in
the standard deviation, not only in relative but also in absolute magnitude, reflects the

microstructural homogenization that accompanies pre-coarsening.

Figure 5.10 shows the axial true strain, €, versus temperature for the as-received

and for the pre-coarsened ZnO samples sintered at a constant heating rate of 8°C/min,
under zero applied stress and under ah initial applied stress of 0.2 MPa. Each curve
isan average.of two runs under identical conditions; the reproducibility is + 1%. Results
for the axial true strain, €, , versus the radial true strain, €, , for as-rece_ived and
pre-coarsened ZnO samples were determined by quenching the sample from
temperatures between 520 and 12009C. These results are shown in Fig. 5.11; each
datum point was obtained by using a different sample. The data in Fig. 5.11 have been
converted to constant-stress conditions, corresponding to the initial stress of 0.2 MPa.
To obtain data under constant-stress conditions the constant load data require a
correction for dimension.al changes due to densification (see section 3.4). The slopes
of these lines, i.e. €, /e, , for as-received and for pre-coarsened ZnO are 1.207 and
1.270, respectively. The shrinkage of the sample sintered under no load is seen to be

almost isotropic.

From Figs. 5.10 and 5.11 the sintered densities of as-received and the
pre-coarsened samplés are calculated. In Fig. 5.12 the densities of the pre-coarsened
ZnO sintered under zero load of with an applied load are plotted as a function of
temperature. Within the limits of experimental error, the applied load has no effect
6n the densification. The deformation of the sample under the action of the applied

stress of 0.2 MPa is therefore constant volume creep. Both the as-received ZnO and
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pre-coarsened ZnO reached the same final density of 0.99. Also, as seen in Fig. 5.13,
in the intermediate temperature range the density of the as-received ZnO is higher

than that of the pre-coarsened ZnO.

For a body loaded uniaxially and deforming uniformly it is readily shown that the

linear densification strain, €, is

Eqn. 5.1

]
where €, is the axial true strain and €, is the radial true strain. Correspondingly, the

total axial strain, €, , is:

€, = € + €
Eqn. 5.2
where €, is the creep strain. It follows that
2
€ 7 §(€Z - Er) Eqn. 5.3

With Eqns. 5.1 - 5.3 the densification and creep strains and strain rates are found.
The densification strain rates and the creep strain rates of the two types of ZnO are
plotted versus temperature, in Figs. 5.14 and 5.15. In both cases the as-received ZnO
starts at a higher densification and creep strain rate than the pre-coarsened sample,

but later the opposite is observed.
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5.4 Discussion

The discussion has been divided into four sections. First, the effect of
pre-coarsening on the sintering stress, i.e. the driving force for free sintering, is
considered. Next, the effect of pre-coarsening on the evolution of the center-to-céntér
pore spacings, x(t,T) is described for the two types of samples, based on the creep and
densification data. Then, the modelling of x(t,T) is developed, and calculated and
experimentally based values of x(t,T) are compared. Finally, the application of two-step

sintering, i.e. pre-coarsening of powder compacts prior to densification, is discussed.

S.4.1 Effect of Pre-coarsening on the Sintering Stress

The results of two-step and of single-step sintering under conditions described
here should follow from an appropriate sintering and microstructural evolution model
and its constitutive equations. Here the results will be interpreted in the context of an
expression, developeci in sections 3.5.2 and 4.4.1, for the densiﬁcatioh and creep strain-

rates as well as for the microstructural evolution.

The instantaneous isothermal densification strain rate is (see Eqn. 4.12)

n+l
Qa ¢ ° Eqn. 5.4
KT JkTx"

€, = HD_/ Sexp| -

where H is a constant, ¥ is the sintering stress (which drives free sintering), Dg is the -

temperature insensitive component of the diffusion coefficient, Q4 is the activation
energy for densification, k is Boltzman’s constant, T is the absolute temperature, ¢ is

the stress intensification factor [Beere 1975a&b], x is the center-to-center pore spacing -
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(often taken as the grain size, see sections 2.3 and 4.4.1), and n is the appropriate
exponent for densification, (n = 2 for volume diffusion and n = 3 for grain boundary

diffusion, n = 2 for ZnO [Rahaman and De Jonghe 1987b]).

Under conditions of a low applied uniaxial stress, which induces creep without
increasing the overall density, the mechanisms for densification and creep are
{ntimately related [Rahaman and De Jonghe 1984a]. As evident in the plot of density
versus temperature for ZnO sintered with or without an applied stress (Fig. 5.12) the

.resulting densities are identical. The creep strain rate, superimposed on the

densification strain rate, is then:

n+1

Q d (b ° : Eqn. 5.5
kKT JkTx"

e, = K_D_,oexp| -

where K¢ is a constant and ¢ is the uniaxially applied stress. -

The relative magnitude of free-sintering driving force for the systems can be

obtained from the ratio of the densification strain rate over the creep strain rate

€4 >
— oC —
. 5 Eqn. 5.6

From results of the constant-stress creep and densification the sintering stress of
the pre-co_arsened* sample, ¥, is found to be about 0.8 of the sintering stress for the

as-received sample, X .

* The extra subscript "c¢" will denote the coarsened sample.
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As coarsening proceeds , for a self-similar system a reduction in the driving force
should be expected proportionai to the inverse of its scale factor. Here, the average
initial particle size of the pr'e-cc;arsened sample is approximately 1.7 times larger than
that of the as-received sample. If the sintering stress strictly scales to the inverse of
the mean particle size then one would expect X, to be 0.59 of ¥ . The change in the
magnitude of X is not as large here; the difference could be due to other structural
terms that arise in systems that are not strictly self-similar, such as a decrease in the
average pore coordination number‘ [Kellet and Lange 1989] which could increase the

sintering stress.

5.4.2 Effect of Pre-coarsening on the Evolution of the Center-to-center Pore
Spacing, x(t,T)

As evident from the resulting microstructure of MgO and AlpO3 the two-step
sintering process produced a finer and more uniform grain structure than conventional
single-step sintering. Due to temperature limitation of the dilatometer, sintering data
to full density were not obtained for MgO and AloO3. However, since the behavior of
as-received and pre-coarsened ZnO corresponds in many aspects to single-step and
two-step sintering, the ZnO data can give insight into the origin of the microstructural

differences following the two treatments for MgO and Al2O3.

While the twé types of heat treatment for the ZnO contain the essential elements
of those for the MgO and AlpO3 system, there are important differences. First, a
constant heating rate rather thanisothermal sintering is used for the ZnO pellets. CHR
allows for a more precise anélysis of the data, since isothermal sintering necessarily

contains a heat-up and is actually a less defined heat treatment. In addition, CHR
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conditions access a wider range of sintered densities. Third, during the pre-coarsening |
of MgO and Al03 compacts there was significant densification. In contrast during

pre-coarsening of ZnO there was virtually no increase in density.

The relative differences in the evolution of the center-to-center pore spacing,
x(t,T), between the as-received and pre-coarsened samples can be extracted from the
corresponding densification strain rates. The ratio of the densification strain rate of

the as-received sample over the pre-coarsened sample at any temperature follows from

Eqn. 5.1:

; 2 n
€ed ¢c X Zc Eqn. 5.7
Ed (b X ¢ Z

With the experimental ratios of £, /X = 0.8 and €., /e, , and when the stress

intensification factors for the as-received and the pre-coarsened samples have been
determined from the densities at that temperature, (x/xc)“ can be found from Eqn.
5.7. Since ¢ is proportional to exp(aP) [Vieira and Brook 1984], where a equals 5
[Rahaman and De Jonghe 1987], and P is the porosity, the values of ¢ énd . are

determined.

The ratio of the center-to-center i)ore spacings, (x/xc)0, of the as-received over
the pre-coarsened ZnQ is plotted versus temperature in Fig. 5.16. The figure is divided
into a lower region where (x/xc) < 1, and an upper region where (x/x¢) > 1. Asseen
in the figure, for most of the temperature range the center-to-center pore spacing of
the pre-coarsened ZnO is larger than that of the as-received ZnO. However, as the
temperature increases, the ratio of (x/x¢) increases steadily. At approximately 890°C,

where the relative densities of the as-received and pre-coarsened samples are
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approximately 0.9, the center-to-center pore spacing ratio crosses into the upper region
where the spacing of the pre-coarsened sample now remains smaller than that of the

as-received sample.

The pore spacing of the as-received sample surpasses the pore spacing of the
pre-coarsened sample only in the later stages of sintering. This behavior is also present
in MgO samples, where at 0.8 density the grain size of the conventionall); sintered
sample is smaller than that of the pre-coarsened sample but at 0.93 density, the grain
size of the two-step sintered sample is actually smaller than that of the singie-step

sintered sample.

4 odeling of the Evolution of the Interpore Spacing, x(t

In the previous chapter on coarsening at constant heating rate, an expression for

- the evolution of the interpore spacing, x(t,T) was developed. The form of the expression
was taken to be analogous to that describing grain growth in porous systems, although
it must be stressed that the pore spacing, x(t,T) and the grain size do not necessarily
develop proportionately. The expression for the pore spacing evolution, x(t,T), the
parameter of importance in Eqn. 5.4, recognizes two contributions to pore spacing
increase: those arising from non-densifying processes and those arising from densifying

processes. At constant heating rate with

T = T + at Eqn. 5.8

and .

dT = ddt Eqn. 5.9

the pore spacing relationship during densification takes the following form (Eqn. 4.10):
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x™(T)=x,+ Ao Texp(—- Q-i)dT L Texp(— -Q—h)dT

a Jro kT a Jro kT Eqn. 5.10
where xg, is the starting center-to-center pore spacing at Tg, m is the coarsening
exponent (m = 3 for ZnO [Rahaman and De Jonghe 1987b]), a is the heating rate,
Ag is the low temperature prefactor associated with low activation energy processes,
Qq is the low activation energy, B, is the high temperature prefactor associated with

high activation energy processes, and Qy, is the high activation energy.

While the detailed rélationship of this expressién to the actual micro-processes
has yet to be established, it could describe the evolution of x(t,T) well and can at least
lend itself to some qualitative predictions. For example, if evaporation-condensation
or surface diffusional trarisport is a coarsening mechanism, it can only be active as long
as a continuous pore network exists and will gain in importance with increasing pore
channel size [Herring 1950]. This network would increase the magnitude of Ay with

respect to B, where Q| corresponds to that coarsening mechanism. -

For the numerical calculation of the relative evolution of the pore spacing in the
pre-coarsened compared to the as-received ZnO, the same parameters were used as
determined earlier” in section 4.4.3. The ratio (x/xc)™ can then be determined with

Xco=1.7xg appropriate to the present data.

* Ap=5.6X10"9
B, = 1.0 X 100
Q1 = 15 kcal/mole
Qp = 50 kcal/mole



(i)z S B S T:exp(_%)dT Eqn. 5.1
Xe x$+% T:exp(—%)dTwh? T:exp(—%)dT

The choice of A¢y and Béo in Eqn. 5.11 must be such that the evolution -of the
calculated ratio reflects, at least qualitatively, the experimental one. Since significant
coarsening has been found to occur at relatively low temperatﬁres for this ZnO powder
(CHR), the trend of the experimental ratio (x/xc)“* up to about 8900C
(corresponding to a sintered density of about 0.9), can only be reproduced if A¢, >
A,. The subsequent increase of the experimental (x/xc)™ to values higher than 1 can
only result if Bg < Bo. Different choices for these parameters and calculated trends

~ are illustrated in Fig. 5.17.

The effects of pre-coarsening on the evolution of the pore spacing can therefore
be summarized as facilitating the low temperature coarsening but suppressing the high

temperature coarsening.

S.4.4 Application of Pre-coarsening and Two-step Sintering

The results of the present study can be put in the context of the qualitative
evolution of porosity and grain size distributions. It should be expected that any system
will tend towards the steady state distribution described by the theor'ies of Slyozov &
Lifshitz [1961), and Wagner [1961] (LSW). The initial distribution of pore sizes and

grain sizes and the relative importance of coarsening and densification of the compact

* n, the densification exponent, is determined by the sintering mechanism and m, is
the observed grain growth exponent. In general the two exponents are taken to
be equivalent [Vieira and Brook 1984] but it is noted that n does not necessarily

have to equal m.
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will determine at which sintered density and mean grain size or mean pore spacing this
steady state distribution is reached. Technical powders and compacts, such as the ones
exarr;ined here, will most often have a structural distribution that s significantly broader
than the LSW distribution; for monosized powder systems, the opposite is the case.
There is therefore no merit in pre-coarsening those systems that have a structural
distribution equal to or narrower than the LSW one. However, for technical powder
compacts, the present results demonstrate that pre-coarsening will improve the
structural distribution. Immediate densification of the compact before homogenizatiori
is likely to result in the production of sintering damage driven by differential
densification, leading to the view that such immediate densification delays reaching
the LSW distribution. At the same time, heterogeneity promotes the generation of
mixtures of open ahd closed porosity regions at sintered densities lower than those of
more homogeneous systems, as would follow from the work of Carpay [1977]. A
qualitative limit on pre-coarsening must, however, be immediately recognized: if the
initial distribution is too far removed from the LSW distribution then pre-coarsening
'needed to reach the LSW distribution would be extensive and the mean value of x
would have to be so large as to inhibit further densification. Quantitative limits on
distributions are more difficult to determine, especially since clear definitions or

quantitative measurements of relevant "heterogeneity” have yet to be formulated.

In practicé, the usefulness of the proposed two-step sintering process is readily
evaluated by a few trial experiments. The results of the experiments presented here
also indicate that, within limits, technical powders can be used effectively by including
a simple isothermal pre-coarsening treatment to produce improved microstructures in
sintered bodies; resorting to the use of monosized powders or convoluted heat

schedules is unnecessary.

74



5.5 Summary

MgO and AlpO3 were sintered by two types of processes:. a conventional
isothermal sintering, and a two-step sintering with an initial low temperature
pre-coarsening treatment before conventional isothermal sintering. The final
microstructure from two-step sintering is more uniform and finer than that of compacts

sintered conventionally.

ZnO compacts were pre-coarsened at 4500C for 90 hours, the resulting grain size
was 1.7 times larger than the starting grain size, but the standard deviation of the grain
size distribution was narrower than that of the as-received powder. The pre-coarsening
was completed with virtually no increase in the overall density for the ZnO compacts.
‘Z,_. , the sintering stress of the pfe-coarsened ZnO, is approximately 0.8 of the sintering
stress of the as-received ZnQO, X , decreasing less than expected from the grain size

increase.

As a function of temperature the densification and creep strain rates of the
pre-coarsened sample started out lower than that of the as-received sample but
increased steadily as sintering proceeded, until the strain rate of the pre-coarsened

sample exceeded that of the as-received sample.

A computational model has been used with two components of coarsening to
describe the pore spacing evolution, one with a low activation energy and the other
with a high activation energy. Pre-coarsening increases the low temperature prefactor
but decreases the high temperature prefactor. This behavior has been attributed to
anincrease in uniformity which results from pre-coarsening. The increased uniformity
allows the system to stay in the open porosity state longer, delaying or inhibiting

additional coarsening (grain growth) during the final stage of densification.
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Two-step sintering is especiaily beneficial for non-uniform powders with size
distributions that are wider than the LSW. one. The process, incorporating an initial
low temperature pre-coarsening treatment prior to densification, offers a simple and
corivenient method of makin.g more uniform ceramic bodies without resorting to

specialized powders or complicated heat schedules.
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Fig. 2.3  Compressive stress on a spherical pore from the pore curvature and its
equivalent stress. ‘
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Fig. 2.4 Epoxy replica of the pore structure of a ZnO pellet at a relative density of
0.70.
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Fig. 3.1 Ratio of the densification strain rate to the creep strain rate versus relative
density at a constant applied stress of 0.2 MPa. The numbers in parenthesis represent
the relative initial density and the sintering temperature (°C).
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Fig. 3.2  Axial strain versus temperature for ZnO powder compacts sintered at a
constant heating rate of 4°9C/min and under the uniaxial stresses shown.

94



- axial true strain

0.4
J, = 0.24 MPa
/
]
J/ J, = 0 MPa
0.3 T / Va
/ 2
l// ”
/ =
0.2 1 F A
y F
/
£ 4
$
0.1 1 g
/ 7/
/
/,/’
4
v
0.0 T T T
0.0 0.1 0.2 0.3

- radial true strain

XBL 886-2025

Fig. 3.3 Axial strain versus radial strain for ZnO.
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Fig.3.4 Axial strainversusradial strainunder a constantload of 7N for ZnO: 20C/min
(circle), 49C/min (square), and 8°C/min (filled square).
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Fig. 3.5 Fracture surface of ZnO at a relative density of 0.70: (a) 2°C/min,
(b) 49C/min, and (c) 8°C/min.
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Fig. 3.6  Axial strain versus radial strain for AlpO3. (A) Heating rate, 4°C/min;
applied load, 7 N, (B) Isothermal, 1350°C; applied load, 7 N, and (C) Heating rate,
409C/min.; applied load, 0 N.
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Fig. 3.7 Various strains in a densifying and creeping compact.
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Fig. 3.8 Relative density, p , and creep strain, €. , calculated from Figs. 3.2 & 3.3
and Eqgns. 3.6 & 3.7. :
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Fig.3.9a Axial strain versus radial strain for ZnO with constant density line.

101



- axial true strain
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(measured from sample), isotropic line, and constant density line.
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Fig.3.10 Corrections of axial and radial strain from constant load (€, , €, ) to constant

stress(€’,,€’,).
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Fig.3.11 Axial strainversus radial strain for ZnO. Constantload at 7 N (uncorrected),
constant stress at 0.2 MPa (corrected), 0 load (isotropic).
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Fig. 3.12 (a) Ratio of the densification to the creep strain rate versus temperature
for the uniaxial stress shown. (b) Relative densification strain rate, p / p , and creep
strain rate, éc , versus temperature at the constant uniaxial stress shown.
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Fig.3.13 Schematic of two spherical particles with adjoining grain boundary section
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Fig. 3.14 Schematic of cell surrounding spherical particle.
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Fig.4.1 Relative density versus temperature for ZnO powder compacts with the same
initial density (0.50 = 0.01) and sintered at constant rates of heating shown (in ©C/min).
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Fig. 42 Change in densification strain per unit change in temperature as a function
of density calculated from Fig. 4.1.
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Fig. 4.3 Densification strain rate versus temperature calculated from Fig. 4.1.
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XBB 903-2165a

Fig. 44 Scanning electron micrographs of polished and etched surfaces of samples
sintered to 1100°C at constant heating rates of (a) 5°C/min. and (b) 0.5°C/min.

111



1.5 ~

o _
S _
b —
=
S _
5 1.0 )
E ] e
" ] e
o .-
N 7 s
= .-
2 054
© 1
| — -
o - "

- ’_."

il

O'O 1 i i il 1 T T T 1 i | T
0.0 0.4 0.8 1.2 1.6 2.0

(heating rate)”

XBL 903-1175

Fig. 4.5 Cube of the final grain size from various heating rates versus the inverse of
the heating rate, a~'. (correlation coefficient = 0.995)
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Fig. 4.6 Log of the heating rate 14 versus log of the incremental shrinkage at a
constant temperature of 1160°C [Barringer et al 1984].
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Fig. 48 The log of the square of average interpore spacing versus temperature.
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Fig. 49a  Log of the square of the mean interpore spacing versus temperature
calculated from Eqn. 4.5 with heating rates of 150C/min, 5°C/min, and 2°C/min. x02
and prefactors were chosen such that x = 60 x5 at 1100°C for the heating rate at
59C/min; coarsening activation energy = 50 kcal/mole.
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Fig. 49b  Log of the square of the mean interpore spacing versus temperature
calculated from Eqn. 4.5 with heating rates of 15°C/min, 5°C/min, and 2°C/min. x02
and prefactors were chosen such that x= 60 x5 at 1100°C for the heating rate at
5°C/min; coarsening activation energy = 30 kcal/mole. '
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Fig. 410 Log of the square of the mean interpore spacing versus temperature
calculated from Eqn. 4.10 with heating rates of 150C/min, 5°C/min, and 2°C/min
using activation energies for densification as 50 kcal/mole, and activation energies for
coarsening as 50 kcal/mole and 15 kcal/mole. xg and prefactors were chosen such
that x= 60xg at 1100°C and = 2x, at 550°C for the heating rate 5°C/min.
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Fig.5.1 Scanning electron micrograph of a fracture surface of a MgO initial compact.
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Fig. 5.2 Schematic time-temperature heating schedules of conventional "isothermal”

sintering and of 2-step sintering.
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XBB 905-4309a

Fig. 5.3 Scanning electron micrographs of fracture surfaces of ZnO compacts. (a)
Green compact of as-received ZnO, relative density of 0.49. (b) Compact after
pre-coarsening treatment to a relative density of 0.50.
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XBB 905-4308a

Fig.5.4 Scanningelectron micrographs of fracture surfaces of MgO compacts sintered
to a relative density of 0.60. (a) After isothermal at 1500°C. (b) After isothermal
sintering at 12500C.
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XBB 905-4307a

Fig.5.5 Scanningelectron micrographs of fracture surfaces of MgO compacts sintered
to a relative density of 0.70. (a) After isothermal sintering at 15000C. (b) After
isothermal sintering at 1250°C.
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XBB 905-4306a

Fig.5.6 Scanning electron micrographs of fracture surfaces of MgO compacts sintered
to a relative density of 0.80. (a) After isothermal sintering at 1500°C. (b) After
isothermal sintering at 1250°C.
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XBB 872-1440d

Fig. 5.7 Scanning electron micrographs of fractured surfaces of MgO compacts. (a)
Initial compact microstructure, relative density of 0.40. (b) Microstructure after
isothermal sintering to a relative density of 0.93. (c) Microstructure after
pre-coarsening treatment to a relative density of 0.80. (d) Microstructure after two-step
sintering to a relative density of 0.93.
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Fig. 5.8 Scanning electron micrographs of fractured surfaces of AlpO3 compacts. (a)
Initial compact microstructure, relative density of 0.53. (b) Microstructure after
isothermal sintering to a relative density of 0.93. (c) Microstructure after
pre-coarsening treatment to a relative density of 0.83. (d) Microstructure after two-step
sintering to a relative density of 0.95.
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Fig. 5.9 Average grain sizes versus density plot for conventionally sintered and for
two-step sintered MgO.
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Fig. 5.10 Axial true strain versus temperature for as-received and for pre-coarsened

Zn0.
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Fig. 5.11 Axial true strain versus radial true strain for as-received and for
pre-coarsened ZnO.
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Fig. §.12 Density versus temperature for pre-coarsened ZnO sintered without load
and sintered with load.
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Fig. §.13 Density versus temperature for as-received and for pre-coarsened ZnO.
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Fig. 5.14  Densification strain rate versus temperature for as-received and for
pre-coarsened ZnO.
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Fig. 5.15 Creep strain rate versus temperature for as-received and for pre-coarsened
ZnO.
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Fig. 5.16 Ratio of the pore spacing of the as-received ZnO, x, over the pore spacing
of the pre-coarsened ZnO, x, versus temperature, derived from dilatometry data.
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Fig. 5.17 Ratio of the pore spacing of the as-received ZnO, x, over the pore spacing
of the pre-coarsened ZnO, x, versus temperature from numerical calculations with
the various indicated choices of parameters.
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