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Abstract

A simple process for the attainment of fully dense and improved microstructure
for Al,O3 ceramics has been developed. High purity, narrow size distribution, and
submicron alumina powder is used for this investigation. A homogenization heat
treatment of Al,Oj powd'er compacts at 800°C for 50 hours allows the system to have a
more uniform pore structure and a higher green strength. Pore size distribution becomes
narrower, as has been demonstrated by mercury porosimetry. Near fully dense (> 0.995
T.D.), fine-grained (< 1.2 um) and uniform grain size-distribution, undoped Al,O3
ceramics can be produced by using a high quality powder, a high-pressure cold isostatic
forming method, and a two-step sintering technique. Improvements in the microstructure
of Al,O5 ceramics homogenized at 800°C/50 h include a smaller pore size and a more
uniform pore size distriimtion. Prevention of differemial densification in the early stages
and delay of pore channel closure to the later stages of sintering are believed to be the

primary mechanisms for the microstructure improvement in two-step sintering of Al,O4

ceramics.

Two-step sintering technique gives an alternate way to improve the microstructure
of Al,O5 ceramics compared to the fast firing or MgO doping. When a combination of
the homogenization heat treatment and the fast firing technique is used, the final density
is even higher than that resulting from fast firing alone. However, the two-step sintering

technique is simple in nature and there is no limitation on the size of the samples.



the samples. Generalization of two-step sintering to more systems is needed for practical

applications.

For 250 ppm MgO-doped Al,O4 ceramics, homogenization of powder compacts
at 800°C for 50 hours produces a sintered body with a grain size of about 0.80 um. The

reﬁnement of grain size is more pronounced as a result of MgO-doping. It is ekpla.ined

that not only MgO doping inhibits the grain growth kinetics of Al,0O4 but also the
homogenization heat treatment improves the pore structure of the Al,O5 powder
compacts. This improvement is based on the explanation that the distribution of MgO
becomes more uniform during the homogenization heat treatment, which enhances the

effectiveness of MgO doping.
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A simple process for the attainment of fully dense énd improved microstructure
for AlO3 ceramics has been developed. High purity, narrow size distribution, and
submicron alumina powder is used for this investigation. A homogenization h::at
treatment of AlpO3 powder compacts at 800°C for 50 hours produces a more uniform
pore structure and a higher green strength. Pore size distribution becomes narrower, as
has been demonstrated by mercury porosimetry. Near fully dense (> 0.995 T.D.), fine-
grained (< 1.2 pm) and uniform grain size-distribution, undoped Al,O3 ceramics can be
produced by using a high quality powder, a high-pressure cold isostatic forming method,
and a two-step sintering technique. Improvements in the microstructure of Al,O4
ceramics homogenized at 800°C for 50 hours include a smaller pore size and a more
uniform pore size distribution. Prevention of differential densification in the early stages
and delay of pore channel closure to the later stages of sintering are believed to be the

primary mechanisms for the microstructure improvement in two-step sintering of Al,O3

ceramics.

The two-step sintering technique gives an alternate Way to improve the
microstructure of Al,O3; ceramics compared to fast firing or MgO doping. When a
combination of the homogenization heat treatment and the fast firing technique is used,
the final density is even higher than that resulting from fast firing alone. However, the

two-step sintering technique is simple in nature and there is no limitation on the size of



the samples. Generalization of two-step sintering to more systems is needed for practical

applications.

For 250 ppm MgO-doped Al,0O5 ceramics, homogenization of powder compacts
at 800°C for 50 hours produces a sintered body with a grain size of about 0.80 um. The

refinement of grain size is more pronounced as a result of MgO-doping. It is explained

that not only MgO doping inhibits the grain growth kinetics of Al,04 but also the
homogenization heat treatment improves the pore structure of the Al,O5 powder
compacts. This improvement is based on the explanation that the distribution of MgO
becomes more uniform during the homogenization heat treatment, which enhances the

effectiveness of MgO doping.
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Chapter 1

Introduction and Objectives

1.1 Introduction

Alumina (Al,03) is one of the most important ceramic materials for structural and
electronic applications. The properties of sintered Al,O are primarily determined by the
final microstructure and sintered density. Since AlyO3 ceramics have better mechanical,
optical and thermal properties if they are fully dense and fine-grained, numerous attempts
have been made to improve processing. The properties of the sintered alumina depend on
the starting particle size, particle size distribution, particle shape, and on the uniformity of
particle packing. Densification kinetics are significantly enhanced, and grain growth is
reduced for higher initial packing densities. If we can eliminate packing inhomogeneities

in the green body, the sintering temperature can be reduced for very fine powders. [1,2]

Powder characteristics, uniformity of particle packing and sintering schedule are
critical issues in determining the final microstructure of alumina ceramics. Narrow size-
distribution powders have been reported [3-5] to result in a higher densification rate and
sintered density than powders with wide size distributions. Moreover, careful preparation
of the green compact is crucial for the attainment of fully dense products. Particle
packing during the consolidation step determines the pore size, pore size distribution, and
pore coordination number in the green compact. Thus a homogeneous green
microstructure is required to reduce variations in local sintering rate, and allow uniform
densification throughout the bulk of the spécimen. Therefore, homogeneous particle
packing by a mono-sized powder received increasing attention during the past decade. [3-
6] Most powder preparation routes involve a suspension which has to be dried. Drying is

critical for the control of the characteristics of the primary particles; the final



microstructure of sintered Y203 was non-uniform due to the formation of agglomerates

during the powdef drying stage. [6]

The influence of the microstructure of the green compact on sintering behavior
has been extensively reviewed. [7-11] Agglomerates present in the fine powders,
especially for submicron-sized powders, always cause inhomogeneities in the final
microstructure. [12-15] A relationship between pore structure and densification rate was
indicated by Roosen and Hausner, [16] who studied the sintering behavior of a ZrO,
powder compact. They found that the smaller the pore size, the lower the temperature of
maximum densification rate. Large interagglomerate pores in the compact require higher
sintering temperatures for elimination. By using a narrow-sizgd, well-dispersed powder
and a colloidal forming technique, dense Al,O3 products can be achieved. [17] Narrow
size-distribution powders and colloidal forming techniques can produce a high density,
fine-grained Al,O3 product at very low temperature. [5] Pore size and pore size
distribution are important factors ihat control the densification kinetics and final

microstructure.

Numerous studies have been conducted on the manipulation of microstructure by
controlling the sintering schedule. Reducing, the time spent at non-densifying stages has
been useful for improving the microstructure of Al,O3 ceramics. "Fast firing" [18-20] or
“ultra-rapid sintering" [21,22] techniqu;es are applicable for materials in which the
activation energy of surfaée diffusion is lower than that of grain boundary diffusion, e.g.,
Al;O3. Along with the higher sintering temperature (1850°C) needed for fast firing, the
main drawbacks are that the very high heating rate may cause tiwrmal shock of samples

which limits the size the products.

The "rate-controlled sintering" method was first proposed by Palmour [23,24] to

refine the microstructure of Al,O3 ceramics, but the detailed mechanism for the reduction

of grain size is not understood. In addition, this technique is very complicated because it

- 2



needs a feedback system to maintain a constant densification rate during the sintering
process. The applications of the rate-controlled sintering techniques are still limited if the

value of the activation energy of densification is similar to that of grain growth. [25]

The so called "two-step” (or two-stage) sintering as first suggested by Kuczynski
[26] was shown to be an effective technique to improve the microstructure of
heterogeneous MgO compacts. [27] MgO powder compacts were first horﬁogenized ata
lower temperature (1200°C) before the sintering stage. Homogenization heat treatment of
the compacts results in finer grain size and uniform grain size distribution. Chu, et al. [28,
29] reported that two-step sintering is also effective for agglqmerated Zn0O and Al)O4
ceramics. The theoretical basis for the homogenizatioh heat treatment at a lower
temperature is that surface diffusion is the most active mechanism for mass transport in
Al,O3 because the evaporation/condensation mechanism is not dominant at low
temperatures. Interparticle neck growth, smoothing of pore channel surfaces, and particle
coarsening without densification through Ostwald ripening can be produced by surface
diffusion, which has the lowest activation energy of all types of transport processes and

thus dominates at low temperatures.

Coarsening occurs during sintering and competes with densification.
Microstructure evolution during sintering reflects the relative rates of the coarsening and
densification processes. The homogeniza—tion heat treatment increases the uniformity of
the pore size distribution and as a result, the system remains longer in the open pore state.
Pores which are small and more uniform in distribution can be eliminated easily during
the final stages of sintering. Meanwhile, neck growth which occurs during the
homogenization heat treatment leads to the additional benefit of increased green body

strength.

Coarsening is defined as growth of grains and pores with negligible densification.

The coarsening process reduces the specific surface area of the powder compacts and

3



thus, consﬁmes the driving force for densification. In the case of coarsened compacts,
e.g., B4C, fully dense sintered bodies are not attainable. [30] The microstructure resulting
from the two-step sintering technique is more uniform and finer than that of the as-
pressed powder compacts which in turn suggests that the driving force for sintering is not
the critical factor in determining the final microstructure. The pore morphology and pore
size distribution as modified by the homogenization heat treatment are the most plausible
reasons for microstructure improvement. During the homogenization heat treatment, the
pore structure is modified significantly, while the driving force for densification is
minimally affected as presented by Chu, et al. [29] Small isolated pores resulting from
pore channel closure are distributed uniformly during sintering and lead to an improved
final microstructure. Chu, et al. postulated that the reduction of differential densification
during the initial stages of sintering is responsible for the microstructure improvement,

but this postulate has not yet been confirmed. [29]

Since Coble [31] discovered that 0.25 wt% MgO was an éffective additive in the
sintering of Al;Oj3, the role of MgO in the sintering of Al,O3 [32] has been studied
extensively. MgO has the effect of reducing the grain boundary mobility through a solid
solution pinning mechanism. [33] The densification rate of 250 ppm MgO-doped Al,O4
is enhanced compared to undoped Al,Os. The resultant microstructure is finer in grain
size with higher final density. No abnormal grain growth can be attributed to the MgO
doping in the sintered AlyO3. Impurities in Al,O3, especially a liquid phase formed
during sintering, may affect the microstructural evolution. Ultra-pure alumina powder

used as the starting material eliminated unfavdrable abnormal grain growth. [34]

The objective of this research is to investigate the plausible mechanisms through
which a homogenization heat treatment improves sintered microstructures. In addition,
the optimal condition of homogenization heat treatment and subsequent sintering to near

theoretical density for Al,O3 ceramics will be examined. To avoid abnormal grain growth

4



in the later stage of two-step sintering, high purity Al,O3 powder (> 99.99%) is used
throughout this ixivestigation. The sintering behavior of this pure, undoped Al,O3 powder

is examined to compare with that of 250 ppm MgO-doped Al,O3.

1.2 Objective

It is well known that the driving force for densification comes from the reduction
of surface free energy. The non-densifying mechanisms such as evaporation/condensation
and surface diffusion can only coarsen the microstructure and reduce the driving force for
densification. The particle size and pore size are found to increase with time (coarsening)
since no shrinkage occurs during surface diffusion processes. Final sintered density and
grain size are characterized as indications of the effectiveness of a homogenization heat
treatment for sintering Al,O3 ceramics. The characterization of heat treated
microstructures by SEM and Hg porosimetry was carried out to study the change in

particle morphologies and pore size distribution.

It is of fundamental interest to understand why a homogenization heat treatment at
low temperature and subsequent high temperature sintering can improve the
microstructure of AlO3 ceramics. The present approach is to isolate the low temperature
heat treatment as the only process variable by careful ceramic processing techniques.
Submicron, high purity, and narrow parti;:le-size distribution Al,O3 powder is used as a
model material in this study. Since the high green density pf AlyO3 ceramic compacts
prepared by high pressure cold isostatic pressing is proven to reduce the effect of
unfavorable parameters on sintering, the powder compacts will be formed primarily by
cold isostatic pressing. Slip casting (colloidal forming) will also be used to compare the

effect of homogenization heat treatments on microstructural evolution.

The combined effect of heat treatment and MgO doping on the microstructure of
sintered Al,Oj is also of fundamental interest. The effects of heat treatment schedule and
5



sintering schedule (temperature, time, and heating rate) will be major concerns in this

research.
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Chapter 2
Background

2.1 Microstructure and Mechanical Properties

Alumina has been regarded as an important structural ceramic for over three
decades. Structural components are subjected to mechanical loads; therefore, researchers
have concéntrated on the attainment of high strength and improvement of fracture
toughness. It has been widely accepted that the physical and mechanical properties of
AlpO3 ceramics are determined mostly by the microstructure itself. [1-3] Hence, control
of the final microstructure is critical in obtaining desirable mechanical properties. The
most important variables controlling the properties of ceramic materials are grain size and

porosity as well as the size and the spatial distribution of pores.

The relationship between strength and porosity of ceramics has been reviewed by
Rice. [2] The dependence of strength on porosity is based on the fact that pores decrease

the cross- sectional area on which a load is applied
c=0,ebP -1

where s is the strength at volume fraction porosity P, s, is the strength of nonporous
material and b is an empirical constant ranging from 4 to 7. The dependence of strength

on grain size of a brittle polycrystalline material [1] can be expressed as:
o=k G“ (2-2)

where © is the strength, G is the grain size, and k and a are empirical constants. The value

of a is recognized to be 1/2, i.e., = k G 12 for grain sizes in the range of 2 to 300
pm. The room temperature strength of AlpO3 is reported to lie between 100 and 600 MPa

(MN/m2) as the grain size is varied between 2 and 100 pum. [4] If the value of b is
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assumed to be independent of the grain size, [1] Eq (2-1) and (2-2) then can be combined

to form the folloWing relating strength to porosity, and grain size.
o=k G %e-bP (2-3)

In reality the mean value of porosity may not justify the strength of high density
Al>O3 ceramics (> 99 %) if only a trace amount of residual porosity is present. Moreover,
uniformly distributed porosity consisting of many small pores is less subject to failure
than a small number of large pores. Strength can be correlated with local extremes of the
porosity rather than with the average grain size since fracture always follows the weakest

path through the material. [2]

In addition, when considering the effects of flaws on the strength of ceramics, the

strength can be expressed as:

Or (2-4)

= Kic
YVC
where of is fracture strength, Kjc is fracture toughness, C is the length of a flaw, and Y is

a geometric constant which depends on the ratio of flaw size over sample size. Generally,

.Kic, does not change much with microstructure for AlpO3 ceramics (= 3 - 4 MPa-m!/2),

therefore the strength is mainly determined by the flaw size, C.

Flaws have been classified as extrinsic and intrinsic types. Extrinsic flaws are
directly correlated with the process of fabrication and finishing conditions. Intrinsic flaws
may be characterized as pores, large grziins, second phase, or foreign inclusions. These
are strongly dependent on the starting powder, processing conditions, and microstructure
of alumina ceramics. In fine-grained AlxO3 extrinsic flaws induced by surface machining

and large pores are major factors in determining the strength at failure. By reducing the
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extent of these extrinsic flaws by optimizing ceramic processing coﬁdiﬁpns and
machining techriiques, intrinsic flaws will determine the material strength as grain size is
reduced. Microstructural inhomogeneities such as very large grains, elongated grains,
large pores, and clusters of large pores can act as strength-limiting flaws. [2] It has been
shown by Rice [3] and Tressler, et al. [5] that large grains act as strength-limiting flaws in
Al»O3 ceramics. Large grains can fracture by cleavage 6r along grain boundaries if the
load is high enough. Large grains also can induce twin-nucleated microcracking which

dramatically reduces the strength of Al,O3 ceramics. [4]

The largest flaw produces the greatest stress concentration. The simplest inherent
flaw is the pore that is much larger than the surrounding grains. The largest pore as well
as the smallest radius of curvature at the pore surface determine the stress to initiaté and
propagate cracks from the pore. Davidge and Tappin [5] found that the maximum grain
size and pore size are approximately equal and that the mean strength is proportional to
the stress necessary to propagate a crack equal in size to the sum of the largest pore size

and the largest grain size.

The goal of researchers developing high strength AloO3 ceramics for structural
applications should be the production of a high density (minimum amount of residual
porosity) and homogeneous microstructure characterized by uniformly distributed.
residual pores and uniform grain size disﬁ‘ibution. [6] The strength of ﬁne;grained AlyO3
ceramics is determined by the largest grains present in the sintered bodies if the flaw size
generated by surface finishing is well controlled. Thus, a minimum amount of porosity
and a very fine grain size are essential for strong ceramics. To approach this goal, the
starting powder has to be very fine (submicron) and careful processing must be used to
from the powder compact. Additionally, the sintering schedule is very critical in
determining the final microstructure. The homogenization heat treatment. in twé-step

sintering is found to be effective in reducing the final grain.size and the broadness of the
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grain size distribution. [7] The homogenization heat treatment is expected to incrcase the
strength of A120.3 ceramics compared to the conventionally sintered ones with grain sizes
in the range of 1 to 2 um. The increased strength can be explained by the reduction of
both the average grain size and the size of the largest grains by the homogenization heat

treatment.

2.2 Processing Parameters and Microstructure

2.2.1 Raw Materials

For the manufacture of fine-grained (1 - 2 um) and fully dense ceramics, high
quality powders should be considered first. A high quality powder can be defined as very
fine, of high purity, free from agglomerates, spherical in shape, and narrow in size
distribution. [8] It has been shown that the‘ microstructure of sintered alumina becomes
more uniform with increasing purity and decreasing particle size distribution of the
starting powder. [9] In solid-state sintering an increased driving force (surface energy
reduction) and faster densification kinetics (short diffusion distances) can be achieved by
use of fine powders (tybically submicron). ‘Submicrometer powders spontaneously
agglomerate due to van der Waals forces. [10] Agglomeration causes problems in
ceramic processing. [11-18] Agglomerates in powder compacts prevent the attainment of
full density after sintering because, as reported by Lange, [13] flaws produced by
differential sintering are primarily responsible for low density product obtained by the
sintering of dry-pressed powder compacts. Rhodes [16] has demonstrated that eliminating
agglomerates in zirconia powder leads to fully dense sintered bodies with a fine grain size

and uniform microstructure.

Most ceramic powders contain agglomerates, formed during the powder
preparation and/or consolidation stages. Hard agglomerates, those which cannot be

broken-down during the compaction process, result in compacts having a non-uniform
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pore size distribution. The agglomerates can sinter to nearly theoretical deﬁsity in the
early stages of sintering, but the large pores formed among agglomerates require higher
temperatures or longer dwell times in order to be eliminated. Therefore it is essential to
remove completely the agglomerates before the powder compaction stages. To take
advantage of a high quality powder, a wet forming process [19] provide a solution to the

agglomeration problem and will be used in this study.

2.2.2 Packing Homogeneity

Particle packing determines the pore size, pore size distribution, and pore
coordination number in the green compact (unfired). The uniformity of packing
throughout an unfired compact is important for uniform shrinkage and elimination of
porosity during sintering. A uniform green microstructure will help reduce variations in
local sintering rate, thereby allowing uniform densification throughout the bulk of the
specirﬁen. The final microstructure evolved after sintering will be uniform which allows

better mechanical properties.

Dry pressing of fine particles always causes uneven die filling because fine
powder has poor flowability. The resulting powder compact will experience a non-
uniform density distribution if the applied load is too high which induces differential
stress and causes cracking after compact:s are ejected from the die. Spray drying of fine
powders into large agglomerated freely flowing granules (50 - 150 um) which fill the die
cavity evenly reduces the inhomogeneity of the green microstructure. A few percents of
binder (1 - 5 wt%) are always added to the powder to provide enough green strength for
handling or machining before the sintering stage. The compaction behavior depends on
thé characteristics of the granules as well as the amount and the properties of the binder.
Frey and Halloran [20] found that the green density, median pore diameter, and the width

of the pore size distribution decrease with the compaction pressure. For the compaction of
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spray-dried granules, a pressure higher than a yielding value was necessary to
substantially deform the granules. The green density reached by dry pressing of spray

dried alumina was only 50 % of theoretical density at a maximum pressure of 350 MPa.

(20]

It is well understood that large pores that form due to lack of complete plastic
deformation of the agglomerated granules are the main reason for the low green density
of traditionally dry pressed bodies. One way to reduce the extent of pore inhomogeneity
generated by granules is by using cold isostatic pressing techniques with very high
pressure which gives a higher green density. The cold isostatic pressing technique
improves the packing homogeneity and sinterability. {18] The green density reached
about 61 % of theoretical density with isostatic pressing techniques at a pressure of 1380
MPa in this study. The resulting green microstructure is much more uniform than the

microstructure of compacts made by dry pressing.

The formation of agglomerates and then effect on microstructure has been
reviewed recently by Yan. [10] Densification of individual agglomerates leads to large
pores between them becoming even larger. However common powder preparation and
powder processing routes involve a suspension which has to be dried prior to the
consolidating step. High processing temperatures leading to neck formation or bridging
between particles is the primary reasbn for the formation of hard agglomerates.
Therefore, agglomerates ‘formed during the drying or calcination stages depend critically
on the operating temperatures. Ultrasonication and sedimentation of a well-dispersed
slurry is an effective technique for removing agglomerates and aggregates as reported by
Bowen, et al. [21,22] Nevertheless, drying of the slurry after sedimentation cannot be
avoided-if one uses the dry pressing technique. Hence, the best way to avoid drying the
suspension before forming a compact is to use a wet forming technique (.e.g.,_vslip '

casting). [19] The benefits of a wet forming technique come from the avoidance of drying
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before the consolidation stage. Particles can be deposited to form a compact from a well-
dispersed suspension. The green microstructure formed by slip casting is much more

homogeneous than that produced by dry pressing.

There are some practical limitations to achieve high green density and a uniform
green microstructure. Firsi, the starting material has to be very fine and free from
agglomerates because the spontaneous formation of agglomerates cannot be avoided
during ceramic processing or even in storage for submicron powders. Second,
conventional forming techniques (die pressing and isostatic pressing at pressures as low
as = 200 MPa) cannot give a homogeneous green micf'ostructure (uniform pore size
distribution) and high green density. Therefore, it is necessary to sinter such powder
compacts at higher temperatures and prolonged dwell times to attain a high final density,
but in so doing an unfavorable final microstructure with large grain size may be
produced. However in the slip casting technique, variations in the slurry and the plaster of
Paris mold may not be easily controlled. The packing homogeneity and green density slip
cast materials can vary since the uniformity of green microstructure depends strongly on
rheological properties, particle size distribution, binders, mixing, molds, and casting
cbnditions of the slurry. [23,24] In this study the slip casting process is controlled to
reproducibly produce. powder compacts. Effects of consolidation techniques on the
microstructural evolution of two-step and conventionally sintered ceramics will be

examined.

2.2.3 Sintering Schedules

Sintering can be described as a process which transforms an assembly of fine
particles to a strong, dense polycrystalline product by heating to a temperature of 0.7 - 0.8
" of the melting point of the material. Sintering is accompanied by the elimination of

interparticle voids (pores) and by the resulting shrinkage of the powder compact. The
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driving force for sintering comes from the reduction of surface free energy. The mass
transport in evéporation/condensation (E/C) consists of evaporation of atoms from
convex surfaces of particles and condensation on concave necks. Such a mechanism does
not result in an approach of particle centers, as is necessary for the shrinkage of the
powder compact, but in growth of the neck region, which causes a decrease in the
curvature of the neck and changes the pore structure. Because of E/C, neck growth
becomes significant and the driving force for mass transport decreases in proportion to
the radius of curvature of the neck surface. The importance of E/C is usually obvious at
higher temperatures and, moreover, is 5igniﬁcantly enhanced for more volatile materials.
The changes in the geometry of pore structures and neck regions by surface diffusion are
identical to the case of E/C. However high atomic diffusivity at surfaces make surface
diffusion more active even at relatively low temperatures. As the particle size decreases,
surface diffusion becomes more important in determining microstructural evolution

during the initial stage of sintering.

Kuczynski [25] studied the isothermal sintering of metallic spheres by measuring
the growth of the necks and concluded that the rate of neck formation among particles is a
process controlled in the early stage by surface diffusion and in the later stage by bulk
diffusion. It can be realized that densification kinetics and microstructural evolution will
be significantly influenced by the sintering schedule (temperature, time, heating and
cooling rates). For the purpose of sintering ceramics to high density, the sintering
conditions have to be such that non-densifying mechanisms are not very active since they

dissipate the driving force for densification.

It is generally agreed that surface diffusion and E/C mechanisms cause neck
growth and coarsening of particles and pores which in turn reduce the driving force for
densification; a significant reduction in densification rate can result. This reduction is

particularly significant for prolonged heating at low temperatures since surface diffusion
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tends to predominate. [26] To avoid the adverse effects of non-densifying méchanisms in
the low tempera‘ture range, several investigators [27-30] suggest fast firing and/or ultra-
rapid sintering techniques. Fully dense Al,O3 ceramics with a fine grain size produced by
fast firing have been reported. [26] The process of fast firing consists of minimizing the
time spent in the low temperature range by using a very high heating rate (> 103 °C/min.)
and a brief hold (5 - 10 minutes) at high temperature (1850°C for Al,O3) where
densification is completed. The refinement of grain size is due to the fact that the soaking
time at high temperature is so short that grain growth is suppressed and the high
densification rate at high temperature allows the system to be completely densified. The
beneficial effect of the fast firing technique is in producing more fine-grained Al,O4
ceramics than does the conventional isothermal sintering method, but the limitations on
sample size by thermal shock due to the high heating rate and the uncertainty in applying

it to other kinds of material (e.g., MgO) make this method not so useful.

Temperature is the most important sintering variable since the diffusion
coefficient of atoms is an exponential function of temperature. A practical sintering
schedule includes a hold at sintering temperature for 1 - 2 hours, depending on the initial
green density and microstructure, for complete elimination of porosity. It is preferable to
sinter the materials at temperatures as low as possible to prevent coarsening. Low
temperature sintering of well-prepared Al,O3 powder compacts (green density = 70 %)
can obtain > 0.99 of theoretical density with a grain size of 0.16 um (isothermally
sintered at 1150°C for 6 h) as reported by Yeh and Sacks. [31] The very fine-grained
Al,O3 ceramics are attributed to the very fine starting partiéle size (< 0.1 um) as well as
to homogeneous particle packing and high green density by the slip casting method.
However it is practically difficult to prepare a powder compaét of high green density and
uniform packing homogeneity from such fine particles. For an ordinary Al,O3 pbwder
with a particle size in the range of 0.3 - 0.5 pm, the usual sintering temperatures are from

1450°C to 1650°C. As sintering proceeds, densification and grain growth occur
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simuitaneously and interact with each other. The higher the temperature for sintering the
larger the grain size that evolves, which leads to a limiting end-point density achieved
when the isolated pores are not atte.'i'ched to the grain boundaries. Therefore, densification
rates can be significantly reduced by larger grains. The final grain size distribution is also

nonuniform.

2.3 Two-Step Sintering

Two-step sintering consists of heat treatment at a low temperature for
homogenization of the powder compact and subsequent sintering at a high temperature
where densification occurs. This technique has been proved successful with very
inhomogeneous MgO powder compacts by Lin [32] and with Al,O3 and ZnO materials
by Chu and De Jonghe. [33,7] The resulting grain size is finer and the grain size
distribution obtained by the two-step sintering method is more uniform than obtained by
conventional sintering. The improved of microstructure is attributed to the uniform
isolated pores formed in the later stages of sintering and to the delayed pore channel
pinch-off. There is no detailed study of the microstructural changes during the first-step,
the homogenization heat treatment. Experimental evidence for the pore chann.cl closure is
not provided by Lin. [32] Only microstructures and density relations are presented

without any details of the pore size distribution after the homogenization heat treatment.

In the two-step sintering study of ZnO by Chu, ez al., [7] the average particle size
increases by 67 % by the homogenization heat treatment at 450°C for 90 hours, but the
densification rate is only slightly reduced by the homogenization heat treatment.
Sintering stress is reduced by 20 %, which reveals that the reduction in driving force for
sintering is not fully reflected by the increase in particle size. This may be due to the
influence of other factors such as the change in pore structure, i.e., pore coordination

number, which may play an important role in determining the effect of the
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homogenization heat treatment. The results are explained by the evolution of interpore
spacing in the hbmogenization heat treated samples during subsequent sintering at high
temperature, particularly in the later stages of sintéﬁng. Chu, et al., concluded that the
coarsening of interpore spacing by the homogenization heat treatment suppresses high-
temperature coarsening. Two-step sintering of conventional Al,O5 powder [7] found that
the ﬁnﬁ density reached about 95% of theoretical density and had a large grain size
which was attributed to the low green density (0.53 of theoretical density) and the
temperature limitations of .the dilatometer. However their results suggest that two-step
sintering reduces the final grain size and increases the uniformity of the grain size

distribution in inhomogeneous Al,O3 powder compacts.

It is worthwhile studying the mechanism responsible for the microstructural
improvement of homogeneous powder compacts, and applying this technique to Al,O3
ceramics to achieve a high sintered density (> 0.99 of theoretical density) and mechanical
strength. It is interesting to indicate that the maximum densification rate occurs in the
range of 0.75 - 0.85 of theoretical density where a large fraction of the pores is
eliminated. If the isolated pores that resulted from the decay of an interconnected pore
network are homogeneously distributed the final microstructure can be very uniform
because the path of microstructural evolution is mostly controlled by the intermediate
stages of sintering. Therefore, the détailed microstructural evolution of homogenization
heat treated as well as conventional samples during the intermediate stages of sintering is
thoroughly examined to find mechanisms responsible for the microstructure

improvement.
2.4 Pore Structure Change by Homogenization Heat Treatment

When particles of very different sizes are in contact, the growth of larger particles
at the expense of smaller ones will reduce the surface free energy. The driving force

comes from the difference in curvature between concave neck regions where particles are
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touching and convex surfaces of particles. The highly concave neck surfaces are filled in
with material frdm the convex part of the particle surfaces. The process occurs by surface
diffusion or evaporation/condensation at low temperatures because of lower activation
energy than those by volume or grain boundary diffusion for mass transport. Neck growth
without densification is known as coarsening. The chemical potential gradient between
the sources and sinks for the mass transport can be shown from the Gibbs-Kelvin
equation
Ap=7Q (RLZ i RLI 2-5)

where Al is the chemical potential gradient between two locations, R and R2 are the
orthogonal radii of the sink and source, Q is the atomic volume, and % is the surface
energy. Since the radius of curvature of the sink (neck) is small and negative relative to
the large and positive radius of the source (particle surface), it is expected that the
kinetics of mass transport to the neck region will dominate at the very beginning of heat
treatment. Redistribution of material over the surface by surface diffusion and/or E/C will
not result in shrinkage of the compact but can only increase strength by increasing contact

areas and reducing the notch effect of sharp pore contours. [34]

For fine-sized Al,O3 during the homogenization heat treatment at a low
temperature surface diffusion is the only active mechanism for mass transport. Smoothing
of pore surfaces, particle coarsening, and interparticle neck growth without densification
can be produced by surface diffusion, which has the lowest activation energy of all types
of transport processes and thus dominates at low temperatures. If the isolated pores
resulting from pore channel pinch-off are uniformly distributed and small, the

microstructure of sintered Al,O3 ceramics can be improved.
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As indicated by Lord Rayleigh, [35] cylindrical shapes are unstable under the
influence of surface tension. Cylindrical pore channels are only stable within certain
dimensional limits. [36,37] Once the limit of stability is exceeded, the cylindrical pore
channel will evolve into just one pore (L/D < 7.2) or breaks up into a series of pores (L/D
> 7.2). A pore channel can be roughly modeled as a cylindrical shape with length, L, and
diameter, D. The average diameter of a pore channel should not change during a
homogenization heat treatment because densification is negligible. However, during
prolonged low temperature heat treatment the pore channel areas with locally high
curvature will be affected by surface diffusion and the shape of the pore channel becomes
more smooth. In the early stages of sintering, the possibility of rapid pinch-off of pore
channels at local regions having a short distance between particles can be much reduced.
However, the soaking times at the temperatures for this homogenization heat treatment
should be long enough to remove such early pinch-off of the poré channels. The
smoothening of the pore channels will delay the pinch-off to a later stage of sintering.
This in turn will lead to the break up of pore channels into a series of isolated pores

during the later stages of sintering.

Neck formation between particles during homogenization heat treatment increases
the green strength which in turn reduces the differential densification damages during the
initial stage of sintering. The results indicate that the homogenization heat treatment
increases the uniformity of the pore size distribution and allows thé system to remain
longer in a state of open porosity. The resultant pores are small and uniformly distributed

and they can be eliminated easily during the ﬁhal stages of sintering.
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Chapter 3

Experimental Procedures

In this chapter, experimental procedures for powder processing, forming
techniques, characterization of green compact, sintering kinetics and microstructural

evolution will be described in detail.

3.1 Starting Materials
3.1.1 Undoped Alumina

To investigate the influence of the homogenization heat treatment on the sintering
of Al,O3, a starting material of very high purity with submicron size and narrow size
distribution is essential. [1,2] Commercial high purity a.-Al,0O3 powder (99.995%)" was
used in this experiment. The major impurities were: 9 ppm Si, 9 ppm Fe, < 2 ppm Na, 3
ppm Mg, < 1 ppm Cu; the other impurities were less than S ppm. The as-received powder
was specified to have an average particle size of 0.18 um and the particle size distribution
was very narrow. The specific surface area was reported to be 10.4 m2/g. The
morphology of the as-received Al;O3 powder is shown in Figure 3.1. In the preliminary
sintering of the powder compact, agglomerates in the as-received powder resulted in a
final density lower than the theoretical valué of 3.986 g/cm3. Therefore, the elimination
of aggregates and/or hard agglomerates is critical to achieve high density or theoretical

density in the sintering of Al,O3 ceramics.

For the elimination of hard agglomerates and aggregates, Al,O3 powder was
dispersed in deionized water (18.1 MQ-cm) with nitric acid (HNO3) added to adjust the
pH value to within 3 - 4. Zeta potential (surface charge) measurement of Al,O3 particles

in a suspension shows that isoelectric point (IEP) is at pH = 9 where particle surfaces are

neutral. The optimal pH value for a well-dispersed Al,O3 suspension was determined to

* AKP-50, Sumitomo Chemical America, Inc., New York, NY.
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lie in the range of 3 - 4. [3,4] A dilute dispersed aqueous suspension of 2 vol% solid
concentration wés prepared for the purpose of eliminating agglomerates. An ultrasonic
probeT was applied to the Al,O3 suspension for about 10 minutes to break down the soft -
agglomerates. The remaining hard aggldmerates were eliminated by a gravitational
sedimentation technique. [5-7] After 29 h of sedimentation, the slurry was decanted and
then flash dried under an infrared lamp while being stirred continuously. Particle size
distribution was measured by the centrifugal sedimentation technique based on the
principle of liquid phase photo-sedimentationf with the rotational speed set at 3000 rpm.
The specific surface area was measured by 5 point nitrogen adsorption$$. The powder
was outgassed at 400°C for 4 hours under vacuum prior to surface area analysis. The
average particle size after removing aggregates was 0.17 um and the specific surface_, area
was 10.9 m2/g. As shown in Figure 3.2, the particle size distribution of the powder is very

narrow with the geometric‘standard deviation equal to 1.6 (defined as the ratio dg4.1/ds0)

[71.

The dried powder cake was then lightly ground with mortar and pestle. After
passing through a 100 mesh (126 pm) nylon sieve, the powders were milled in a plastic
jar on a ball mill to produce freely flowing granules. Non-uniform powder filling of the
die cavity causes microstructural inhoxhogeneities in the dry-pressed samples.
Granulation is a simpie technique to form soft agglomerates in the dry state due to van
der Waals forces or surface moisture. The morphology of the granules was uniform and
spherical as shown in Figure 3.3. The sizes of the granules ranged from 10 pm to 100 pm.
These free flowing granules provided unifdrm pressed compacts during uniaxial die

pressing.

1 Model W-375, Heat System-Ultrasonics, Inc., Farmingdale, NY.
£ Model CAPA-700, Horiba Instruments Inc., Irvine, CA.
8§ Digisorb 2600, Micrometrics Instrument Corp., Norcross, GA.
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3.1.2 MgO-Doped Alumina

To understand the .combined effect of MgO doping and homogenization heat
treatment on the sintering behavior of Al;03, MgO-doped Al,O3 was subjected to a
homogenization heat treatment before the sintering step. The MgO-doped material was
produced by mixing Al;O3 powder with de-ionized‘ water and Mg(NO3),-6H,05 to
introduce 250 ppm MgO. The slurry was flash dried and prepared using the same
procedure as for the undoped Al,O3 powders. Calcination of the doped-Al,O3 was
carried out on powder compacts heated at 1°C/min. to 600°C and soaked for 1 hour. This
calcination was done after powder compaction to reduce the possibility of reforming

aggregates due to the fine particle size of the Al,0O3 powder.

3.2 Consolidation Techniques

Sedimentation is one of the most simple techniques to remove agglomerates but
subsequent drying of the slurry will introduce new agglomerates. One way to avoid
drying the suspension before forming is by slip casting. Another method to reduce the
degree of agglomeration is by using cold iéostatic pressing at very high pressure, since
isostatic pressing has been shown to improve the packing homogeneity. The green

density reaches about 61% of theoretical for both forming methods.

In the present research, tb study tl‘me effect of the particle packing, green density,
and homogenization heat treatment on microstructural evolution, AlLO3 powder
compacts were prepared by slip casting and ultra-high pressure isostatic pressing*
(maximum pressure =1380 MPa) to various densities. Compacts formed by uniaxial dry

pressing were also used to address the effect of heterogeneity on the final microstructures.

§ EM Industries Inc., Gibbstown, NJ.
# Isostatic press, Materials Sciences Division, Lawrence Berkeley Laboratory, Berkeley, CA.
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of both conventional and homogenized specimens. The forming techniques used in this

research are described as follows.
3.2.1 Uniaxial Dry Pressing

Dry pressing is the most common forming technique used to consolidate powders
into a desired shape. Disc shaped specimens (6.35 x 6.20 mm) were prepared by the
uniaxial dry pressing technique. The amount of powder was' about 0.45 gm. The 6.35
mm-diameter WC;Co die was lubricated with a solution of steric acid in acetone before
each compaction. The compacts were formed by dry pressing the granules on a laboratory
press™ at 50 MPa for 30 seconds. The density of the green bodies after die pressing was =
0.53 of theoretical density. A duplicate set of specimens was prepared for subsequent

isostatic pressing. -
3.2.2 Cold Isostatic Pressing

In order to break down agglomerates formed during drying and to avoid a
complex rearrangement of particles during the initial stage of sintering, green compacts
formed by dry pressing were subsequently isostatically pressed at pressures up to 1380
MPa (200 ksi). Isostatic pressing not only. decreases the size of large pores but also
reduces pore coordination number. [8,9] A powder compact with a very high green
density is expected to contain a higher fl"action of pores with smaller pore coordination |
numbers when very high isostatic pressure is applied. Compacts made by uniaxial die
pressing were vacuum sealed in balloon bags and isostatically pressed at maximum
pressure for 3 minutes. Green density reached about 0.60 £ 0.01 of theoretical density for
» this narrow-sized powder. The increase in green density by the subsequent»'isostatic
pressing is mainly due to the elimination of large interagglomerate pores which are

formed during granulation. The removal of such large pores (= 10 1um) decreases the

** Model C, Carver Laboratory Press, Menomonee Falls, WI.
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microstructural inhomogeneities and increases the final relative density (from 0.975 to >

0.99 of theoretical density).
3.2.3 Slip Casting

_Slip casting is a forming method which directly consolidates powder from a well-
dispersed slurry. [10,11] It has been reported that homogeneous green compacts can be
produced by the slip casting technique. [12,13] Green compacts formed by slip casting
were compared with those formed by isostatic pressing. Aqueous suspensions were
prepared by the same procedure as in the previous section with pH = 3.5 and a solid
content = 40 vol%. The slurry was continuously poured into molds, made of plastic
templates placed on the top of a block of plaster of Paris, until a solid sample was formed.
Samples were dried at room temperature for 24 hours and then removed from the molds.
The green density of the slip cast sample was about 0.61 - 0.63 of theoretical density. The
variance in green density was attributed to differences in the plaster mold and slurry
conditions. However, the values were close to the green density of the samples made by
isostatic pressing. The final microstructure of sintered AlyO3 would be significantly
affected by different consolidation techniques as presented by Roosen and Bowen. [14]
The reason is that the very large interagglomerate pdres, formed by the incomplete
deformation of granules in dry-pressed powder compact, could not be eliminated easily
during sintering. All the green compacts \;vere subjected to a heat treatment at 450°C for 1
hour to burn off any residual organics from the forming stage. The heating rate was kept

as low as 0.5°C/min. to ensure complete removal of organics.
3.3 Homogenization Heat Treatment

From preliminary tests, densification was observed to start at = 980°C under the

constant heating rate of 4°C/min. to 1450°C in the dilatometertt. It was therefore

Tt Harrop Industries, Inc., Columbus, OH.
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determined that 800°C could be used to homogenize the powder compacts for different
soaking duratioﬁ (typically 50 hours). without detectable densification. The schedule of
the homogenization heat treatment (temperatures and times) was varied to attain high
density and fine-grained Al,O3. Combinations of temperature - 800°C, 900°C, and
1000°C, - and soaking duration - ranging from 25 hours to 200 hours were used. There
was negligible densification at temperatures of 800°C and 900°C for prolonged soaking
time. For the 1000°C/25 h homogenization heat treatment, the density of the compact was

found to increase about 2%.
3.4 Characterization of Powder Compacts

To determine the effect of the homogenization heat treatment on the green
microstructure and pore size distribution, samples were characterized by SEM of fracture
surfaces and by mercury porosimetryll, respectively. Pore size distributions for both
conventional and 800°C/S0 h homogenized samples were measured The pore diameter
was determined from the pressure of intrusion by using the Washburn equation and
assuming a contact angle of 130° and a surface tension of 485 dyn/cm2. The volume
distribution curves were calculated by taking the derivative of volume intruded with

respect to the pore diameter.

A four-point bending strength test was conducted to reveal the differencé in
strength between conventional and homogenized samples. After- homogenization heat
treatrﬁent at 800°C for 50 h the strength of the powder compacts was significantly
improved compared with the conventionally pfocessed compacts. The increase in strength |
was related to the neck foﬁnation and growth between particles during heat treatment.
Rectangular testing pieces 25 x 2.5 x 1.0 mm were prepared by the slip casting method.

All specimens were heated at 1°C/min. to 400°C for 60 minutes to burn out organics. One

pi | Autopore 9220, Micrometrics Instrument Corp., Norcross, GA.
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set of specimens was homogenization heat treated at 800°C for 50 hours. Specimens were
polished with SiC grinding papers down to 12 um. The four-point bending strength test
was performed on an Instron universal testing machine?¢ at a cross-head speed of 0.5

mm/min. The flexural strength of four-point flexing (cp4) can be calculated from

_ 3P (L-U) 3-1)
2w t?

Ob4
where P : maximum load at fracture of test piece (kgf)
L : distance between lower supporting points (19.5 mm)
U : distance between upper loading points (6 mm)
w : width of test piece (mm)

t : thickness of the test piece (mm)

3.5 Sintering Schedules

Along with changing the homogenization heat treatment conditions, the sintering
schedule was also varied to test the effectiveness of the homogenization heat treatment.

Different sintering experiments were performed for comparison.
3.5.1 Constant Heating Rate Sintering

Sintering was carried out in a dilatometer under a constant heating rate of
4°C/min. in a temperature range from 800°C to 1450°C in air. Two sets of specimens
were sintered under the same conditions, one was conventionally processed and the other
was homogenized. Specimens were heated from 300°C to 800°C at 10 "C/min. The
changes in length of the specimen were monitored by a personal computer and the:

relative shrinkage (ALYL,) of the specimen was calculated, taking into account the

¢¢ Model 1122, Instron Corp., Canton, MA.
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thermal expansion of the specimen holder and the specimen itself. The final density of the
sintered specimen was ‘measured by the Archimides principle with deionized water as the

medium.

To study the microstructural evolution of both sets of specimens during sintering,
conventional and homogenized samples were sintered to different final temperatures
between 800°C and 1450°C at the same heating rate of 4°C/min. The relative densities as
well as the open and closed porosities of these safnples were measured by the Archimedes

method in deionized water.

For MgO-doped Al,O3 samples, sintering was carried out in an Orton
dilatometer> to final temperatures of 1450°C, 1500°C, and ISSO;C at different heating
rates (4, 5, and 12°C/min.) with and without soaking at final temperatures. This was done
for the purpose of studying the effect of sintering schedule on the final microstructure of

homogenized as well as conventional samples.
3.5.2 Fast Firing

Fast firing to high temperatures and soaking for very short periods of time are
used to reduce the grain size of Al,Oj3 ceramics. [15,16] To investigate whether
homogenization heat treatment still improves microstructure and final density under fasf
firing conditions, both conventional and h6mogenized samples were fast fired. Fast firing
was carried out at a heating rate of 340°C/min. from room temperature to 1750°C and
then the samples are held for 5 minutes under vacuum (1 x 105 torr) in a tungsten mesh
furnace. After firing, samples were furnace cooled at a cooling rate > 50°C/min. Final

density and grain size were measured for these samples.

3.6 Microstructural Observation

2% Model 1600D, Orton, Edward Jr., Ceramic Foundation, Westerville, OH.
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Final relative sintered density was measured by the Archimedes rﬁemod with
deionized water..In order to study microstructural evolution over a wide density range,
specimens with low density (65 - 85 % of theoretical density) were impregnated with
epoxy to fill the pores before polishing. High density samples were mounted in
transparent epoxy for grinding and polishing. Grinding was done with successively finer
diamond wheels and final polishing was accomplished with diamond pastes down to 0.25
pm. After the specimens were polished, they were removed from the epoxy mount and
thermally etched in air at 1280°C for 1 hour to reveal grain boundaries. Surfaces of the
samples were coated with Au/Pd before being examined by scanning electron microscope
(SEM)*. Grain size was measured by the linear intercept method. [17,18] For the

calculation of grain size, more than 500 grains were measured on each sample.

3.7 Sintering Kinetics

The densification strain, &p, is directly related to the axial strain, €, and radial
strain, &, of the specimen since the shrinkage is nearly isotropic. Densification strain is

then equal to the axial strain, €,

€4= =€ =1n—I-L- 3-2
p=&=§& (Lo (3-2)

where L, is the length of the sample before sintering, and L is the instantaneous length of

the sample that was recorded during'the sintering process. Instantaneous sintered density,
P, was calculated from final sintered density, Pg (measured by the Archimedes method),

and Ly, the final length of the sample:

3
= . L"-ﬁ) 3-
p=pr (L ». (3-3)

T 1SI-DS 130, International Scientific Instruments Inc., Pleasanton, CA.
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Furthermore, the densification strain rate is the time derivative of densification stram We

have

%:Eﬂ:%.dl 3-4)
dt dT dt

where %'t[ = heating rate (4°C/min used for the sintering of undoped Al,O3 and 5°C/min.

for MgO-doped Al,03.).
The densification strain, sintered density, and densification strain rate as a function of

temperature were plotted for both conventional and homogenized samples.
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Chapter 4

Results and Discussion

4.1 Undoped Alumina
4.1.1 Effects of Homogenization Heat Treatment

4.1.1.1 Microstructure

A homogenization heat treatment at 800°C for 50 hours does not change the
density of the Al203 powder compacts. Figure 4.1 compares the unfired fracture surfaces
of the conventional (no heat treatment) and the homogenized samples. There is a small
increase in the average particle size due to the homogenization heat treatment, but the
actual value is laborious to assess from scanning electron micrographs of the fracture -
surfaces. Neck growth between particles makes it impossible to distinguish the original
shape of particles after the homogenization heat treatment. From Figure 4.1(b), the
rounding-off of edges and corners of the AlpO3 particles by heat treatment at 800°C for
50 hours can be seen clearly. No grain boundary is observed directly from the fracture
surfaces without thermal etching, but a dihedral angle is observed when two particles
contact and form a neck. Grain boundaries would likely stay in the neck regions to
minimize the total free energy of the system. This is the evidence for non-densifying
mass transport as the dominant mecha_nism for the formation of necks with grain

boundaries in between particles.

The change of pore structure by the homogenization heat treatment is a very
important factor in controlling the subsequent sintering kinetics and microstructural
evolution of the powder compacts. Unfortunately the variation in pore size and pore size
distribution in the powder.compacts cannot be seen directly from scanning electron

micrographs because of the convoluted pore structure (Figure 4.1).
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Another feature seen in the scanning electron micrographs is thaf very fine
particles are elifninated after the homogenization heat treatment. As a result of the
+ negligible densification of powder compacts, it is believed that the very fine particles

disappeared through a surface diffusion mechanism active at low temperatures. The
elimination of very fine particles may have an important effect on the variation of the
pore structure (pore size and pore size distribution). Although the relationship between
the elimination of very fine particles by non-densifying mechanisms and later
densification kinetics is not yet understood, it can be correlated with the delay of the
densification onset temperature. If the disappearance of very fine particles is
accomplished by densifying mechanisms during the sintering process then it would
contribute to shrinkage as in the case of samples sintered conventionally. Furthermore, .
the onset temperature for densification of the homogenized samples (= 1000°C) is raiséd

50°C above that of the conventional sample (= 950°C).
 4.1.1.2 Surface Area and Pore Structure

BET measurements show that there is a substantial amount of reduction in surface
area by the homogenization heat treatment. The conventional and homogenized powder
compacts were out-gassed at 400°C for 5 hours under vacuum prior to the BET analysis.
The specific surface area decreased from 10.9 to 7.8 m2/g after the homogenization heat
treatment at 800°C for 50 hours. The reduction in surface area suggests that the driving
force for sintering is diminished and hence densification is suppressed by the
homogenization heat treatment. However, the pore volume of the conventional sample is
roughly twice as large as the homogenized sample - 0.04 vs 0.02 cc/g. The decrease in
pore volume in the homogenized sample is so significant that the compacts are modified
toward higher driving force for densification. Actually, the results of final density,
microstructure, and densification kinetics clearly show that the homogenization heat

treatment results in better sintering behavior. In contrast to the data already existing in the
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literature, the homogenization heat treatment at a low temperature where non-densifying

mechanisms predominate offers an alternative route for the manufacture of better Al203

ceramics.
4.1.1.3 Driving Force for Sintering

The critical issues in determining the driving force for densification come from
the contributions of curvature of pore and grain size (or particle size) as indicated by Raj.

[1] The sintering stress (or sintering pressure) is expressed as:

}:=2—Gﬁi273£ @1)

where Z is the sintering stress, 7, the free energy of the grain boundary, v, the surface free
energy, G the particle size, and rp the radius of curvature of the pore. Although the
analysis is complicated by the presence of positive and negative curvatures of pores in the
real powder compacts, it is recognized that surface energy, grain bo'undary energy,
dihedral angle, and pore coordination number are important parameters that govern the
sintering driving force. The reduction of specific surface area alone cannot predict the
extent of the reduced driving force for sintefing and densification kinetics. In most cases
the average particle size and surface area are not the critical factors controlling the
driving force for sintering because a small average particle size may reflect a wide size

distribution and particles with a very irregular surface may have a large surface area.

There is no detailed study on the relationship between driving force, surface area
reduction, mié:rostructure and temperature history of powder compacts. It has been
frequently stated that-coarsening at a low temperature for prolonged periods will be
harmful to the final microstructure. [2] Optimization of the sintering schedule is then

reported to result in heating up the powder compacts rapidly to pass through the low
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temperature ranges. Techniques such as fast firing, ultra-rapid sintering, and 'con'trolled-
rate sintering havé been effective in refining the grain size in AlpO3 ceramics. However,
the effects of a low temperature heat tréatment on microstructure was published recently
by Chu, et al. [3] Their results show that the driving force for sintering (sintering stress)
is slightly decreased by a low temperature heat treatment, while the microstructure is
significantly improved. The difference in sintering behavior caused by various sintering
schedules is strongly dependent on the pore structure and pore elimination during the
sintering process. Studies of the role of pore structure and its effects on the sintering of
powder compacts are concentrated on the evolution of the pore network into isolated
pores during the later stages of sintering. [4,5] The complicated nature of pore network
makes it difficult to model the effects of sintering variables on microstructural evolution.
However, Whittemore, et al. [6] pointed outvthat the evolution of the pore structure could
be revealed by mercury porosimetry especially in the early and intermediate stages of
sintering. By fixing a consolidation technique for the formation of powder compacts,
microstructural evolution during different sintering paths can be monitored through the
evolution of the pore structure by mercury porosimetry. From the SEM micrographs in
Figure 4.1, it is apparent that pore size ranged form submicron to several micrometers.
The most substantial effect of the homogenization heat treatment is that the pore size

distribution becomes narrower.
4.1.1.4 Effects of Homogenization Temperature

The temperature for the homogenization heat treatment of a powder compact is
deduced from the densification vs. temperature curve for a constant heating rate of
4°C/min. to 1450°C. Shrinkage of the conventional powder compact starts at about
950°C. The homogenization heat treatment of 800°C, 900°C, and 1000°C were used for
dwelling times of 25 and 50 hours. No density change can be detected for powder

compacts homogenized at the following conditions: 800°C/25 h, 800°C/50 h, 900°C/25 h.
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Only the samples homogenized at 1000°C/25 h increase their densities from (‘)'61 +0.01
to 0.64 = 0.01 bf theoretical density. Shrinkage of the powder compact after the
homogenization heat treatment at 1000°C/25 h can be readily measured. The sintering
behavior of samples homogenized at different conditions is only slightly affected by the
temperature of homogenization. The higher the temperature of the homogenization heat
treatment, the greater the delay in the onset temperature for densification. However, the

final microstructure of homogenized samples does not change significantly.
4.1.1.5 Pore Size Distribution

The variation of pore size distribution obtained by mercury porosimetry as a
function of pore diameter is presented in Figure 4.2. With the maximum applied pressure
of 412 MPa, the pore diameter that can be intruded with mercury is 0.003 pm. As shown
from the plot, pores with very small diameter are eliminated and the median pore
diameter is shifted to a larger value (from 0.0438 pum to 0.0527 pm) by the
homogenization heat treatment. Another important feature of Figure 4.2 is a bimodal
distribution of the pore size in the conventional powder compact, but there is only one
peak in the distribution curve of the homogenized sample. The total pore area measured
for the conventional and the homogenized samples is 17.118 m2/g and 14.231 m2/g,

respectively.

It is clear that the homogenization heat treatment eliminates small pores and,
thereby, reduces the total pore area of the powder compacts. This effect may result
directly from the particle size increase during the homogenization heat treatment, since
pore size is generally proportional to the particle size. However, there are as yet no data
available which prove an increase of particle size by the treatment. Another explanation
for the shift in pore size distribution to a larger value may be that neck formation in three-

dimension prevents access of the mercury into small pores. The SEM micrographs reveal
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that some closed pores formed after the treatment, but only trace amounts can be counted.

It is reasonable to expect that the possibilities discussed above may occur simultaneously.

Careful powder processing to aftain a high density, uniform microstructure in the
sintered material through anjoptimal narrow pore size distribution in the green body has
been demonstrated. {7,8] The importance of a homogeneous pore size distribution on the
sintering process (densification and grain growth) has been the subject of several
publications. [9-11] The relationship between pore size distribution and shrinkage has
been examined by Carbone and Reed. [12] They find that the intermediate and the final
stage shrinkage is strongly affected by the pore structure in the powder compact.
Recently, Roosen and Hausner [13] have shown that the curves of the pore size
distribution and the densification rate curves are similar in appearance. For a bimodal
pore size distribution in a powder compact, each pore size requires a certain temperature
for its elimination. More recently, Roosen and Bowen [14] also point out that low
temperature sintering of AlpO3 ceramics without the addition of MgO as a sintering aid is

possible if the compact is homogeneous with very small pores uniformly distributed.

Yeh and Sacks [15] prepared a very homogeneous Al03 powder compact by the
slip casting method and achieved a sintered product with density > 0.99 of theoretical
density by sintering at 1150°C for 5 hours. The ordinary consolidation techniques, such as
the dry pressing technique, cannot pro.duce a homogeneous powder compact with
unifofm pore size distribution. Non-traditional techniques and careful powder processing
appears to be the best route for producing a homogeneous green microstructure.
However, as demonstrated by Chu, et al., [3] the homogenization of heterogeneous MgO
and ZnO powder compacts and subsequent sintering (i.e., two-step sintering) effectively
homogenizes the powder compacts and gives a better fired microstructure than formed in

conventionally sintered compacts. This approach is an economical and simple treatment
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to improve the microstructure of most conventionally formed powder compacts without

resorting to colloidal consolidation techniques.
4.1.1.6 Flexural Strength of the Green Body

The as-formed 'powder compact before heat treatment is so fragile that the
strength cannot be measured in the testing machine. However, its strength can be
approximated by using the weight of the testing fixture to break the test pieces. The
estimated strength of the conventional sample is less than 0.9 MPa. Moreover, the four-
point flexural strength for the 800°C/50 h homogenized sample reaches 43.2 £ 2.3 MPa
(average of 8 specimens). When the flexural strengths of the as-formed and the 800°C/50
h homogenized samples (before sintering) were compared, the enhancement of strength is
significant. The strength of the homogenized powder compacts is 50 times as large as the
strength of the as-formed samples. The increase in strength of the powder compacts by
the homogenization heat treatment results from neck formation and growth among
particles into a 3-dimensional network. The redistribution of material over the surface by
surface diffusion and/or evaporation/condensation will not result in shrinkage of the
compact but can increase strength by increasing contact areas and reducing the notch

effect of sharp pore contours. [16]

The homogenization heat treatment also provides sufficient strength to reéist
differential densification during the subsequent sintering process. In a statistical study of
a two-dimensional raft of copper spheres, Weiser and De Jonghe [17] found that
differential densification resulted in particle'rearrangement. In a real powder compact
local packing variations, nonuniform particle size and packing may cause pronounced
rearrangement. The regions that densify rapidly will exert tensile stresses on neighboring
élow-densifying regions. If the differential densification is largé enough, some pores will
grow ratﬁer than shrink. Evans [18] has shown that the stresses induced by

inhomogeneous densification may be large enough to open cracks. Therefore differential
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densification can have a profound influence on the microstructural evolution and
densification rate. The more homogeneous the green microstructure, the less the
undesirable effects of differential densification will be imposed on the fired

microstructure.

4.1.2 Pore Coarsening and Sintering

Prochazka and Coble [19] have shown that only surface diffusion contributes to
neck growth during the initial stage of sintering of AloO3 powder compacts at 750°C to
900°C. From the study of grain growth in very porous Al2O3 compacts, Greskovich and
Lay {20] also concluded that surface diffusion is the primary mechanism for neck growth.
Densifying mechanisms such as volume diffusion and grain boundary diffusion do not
contribute to neck growth during the homogenization heat treatment at 800°C for 50
hours. It is also noted from SEM micrographs (Figure 4.1) that a very small particle is not
located between two large particles, but it sits on the surfaces of particles or among a few

large particles.

One important feature concerning densification during the sintering process is that
the interconnected pore channels gradually becomes isolated as the density increases with
sintering temperature or time. The complex nature of the interconnected pore channel
network in real powder compacts makes t‘he modeling of pore channel decay difficult and
unrealistic because of the necessity for modeling the pore channel as an ideal cylinder
with a definite diameter. The elimination of very fine particles by the homogenization
heat treatment could be intefpreted that the extent of pore channel's pinch-off can be
delayed by the enlargement of pore diameter (see Section 4.1.1). As sintering proceeds,
the pore channels decrease in average diameter. Uniform diameter pore channels are
unstable and can pinch off during the sintering process. The kinetics of pore channel

pinch-off depend on many variables such as mass transport mechanism, dihedral angle of
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the system and, most critically, the initial diameter of the pore channel. Under identical
conditions, the 1arger the diameter of the pore channel, the slower is the pore channel
pinch-off. Early closure of the pore channel during the initial stages of sintering due to
nonuniform pore diameter will promote an uneven distribution of isolated pores in the

later stages of sintering.

Very fine particles may make the kinetics of pore channel closure faster by
increasing the nonuniformity of the pore cylinder diameter. In the homogenized sample
the elimination of very fine particles provides a pore channel with a more uniform and
larger diameter which delays the pore channel pinch-off to later stages of sintering..
Therefore more uniform and smaller isolated pores could be generated. As can be
demonstrated later from the densification rate of the conventional and the homogenized
samples, the onset temperature of densification of the homogenized sample is delayed

and the maximum densification rate is higher and shifted to higher temperatures.
4.1.3 Modeling of Pore Coarsening

The densification of clusters of fine particles and of more dense regions with
isolated pores formed early in the sintering process Will raise the problem of differential
densification. The elimination of very fine pérticles reduces the extent of local differential
densification during the early stages of sintering, thereby, promoting uniform
densification of the powder compact at higher temperatures. The elimination of very fine -
particles during the homogenization heat treatment is believed to influence the pore size
distribution which in turn changes the kinetics of densification and the final
microstructure of sintered AlpO3. Particle packing can also affect the pore size and pore
size distribution. Ceramic powder always has a continuous particle size distribution. For
powders with a wide particle size distribution or a bimodal particle size distribution, if the
interparticle voids can be filled with small particles, the packing density can be increased.

Yet, particle packing may be nonuniform, hence the voids formed during powder
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consolidation cannot be filled completely. The variations in’ particle packing, strongly
dependent on thé method of powder consolidation, leads to a wide distribution of pore
size in powder compacts. The spatial distribution of porosity affects the diffusion distance
and therefore controls the rate of pore elimination. [21] Consequently, a limiting end-
point density and a microstructure with varied grain size will result from such an

inhomogeneous pore size distribution.

By facilitating pore structure modification, the homogenization heat treatment
may play an important role in controlling the pore size distribution of powder compacts.
The pore structure can be simply modeled in two-dimensions with a close packing of
three spheres having radius = D. The radius, d, of the interparticle pore formed by the
three large necking particles is calculated by simple geometry to be 0.1547-D. As shown
in Figure 4.3, if a small particle with a radius d is to just fill in the pore then, the radius
ratio of large particles to small particles should be D/d = 6.5. The powder used in this
work (particle size in the range of 0.01 — 0.70 pm from Figure 2.2) satisfies this

condition.

When the particle array is homogenized at 800°C for 50 hours, the small particles
are unst'able owing to the difference in the radius of curvature between large and small
particles. The small Al,Oj3 particle then disappears by a surface diffusion mechanism. In
addition, neck formation among the larg;a particles will produce a pore having radius of
éurvature R =d = 0.1547-D. In contrast, if the particle array is directly sintered to high
temperatures, the small particle is stable against disappearance by surface diffusion and
necks will be formed between these large and small particles. Hence, the radius of the
three pores formed by these four particles is calculated to be r = 0.065-D. [22] Then, the
ratio of the radii of the pores in the homogenized and the conveﬁﬁonal particle arrays R/r
= 0.1547/0.065 = 2.4; the size of the pore in the homogenized array is then 2.4 times that

formed in the conventional array. The pore diameter enlargement by the homogenization
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heat treatment has been verified by mercury porosimetry. The median pore diameter
measured has beén shifted to a larger value (see Figure 4.2) by the homogenization heat

treatment at 800°C for 50 hours.

In the conventional samples, small pores are eliminated in the locally densified
regions and large pores become even larger due to differential densification which, in
turn, promotes the inhomogeneity of pore size distribution significantly. The enlargement
of pore size by the homogenization heat treatment may also reduce the local densification
rates between regions of inhomogeneities. The densification kinetics shifted to higher
temperatures and with higher maximum densification rate due to the homogenization heat

treatment are resulted from the more homogeneous pore structure produced.

4.1.4 Homogenization Heat Treatment on Sintering
4.1.4.1 Density and Microstructure

Microstructures of the conventional and the homogenized samples sintered in air
at a constant heating rate of 4°C/min. to 1450°C without soaking are shown in Figure 4.4.
As presented in the micrographs, the average final grain size is significantly reduced in
the homogenized sample. Also noted from the micrographs is the frequent occurrence of
large grains and some elongated grains in the conventional sample while for the
homogenized sample, grain size is refined and very large grains are rarely found. The
largest grain in the conventional sample is about 2 times larger than the largest‘ grain in
the homogenized sample. In addition, the présence of a few small grains indicates that
grain size distribution is very wide in the conQentional sample, that is, the microstructure
is very nonuniform. From the micrographs shown in Figure 4.5 the distribution of grain
sizes in the conventional sample is much wider than for the homogenized sample. The
standard deviation of grain size should be measured by an image analyzer but no data are

available in the present study. However comparison of the microstructures in Figure 4.4
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and Figure 4.5 gives a qualitative indication of when the sample is homogen‘ized before
sintering. In both samples, most pores are located at the grain corners. It is rare to find
pores trapped inside the grains and there is no exaggerated grain growth in either set of
samples. The effect of the homogenization heat treatment on the grain size is very similar

to the effect of MgO-doping on Al,O3 ceramics.

Table 4.1 summarizes the values of green density, final sintered density, and
average grain size for the conventional and the homogenized samples. Table 4.1 shows
that the homogenization heat treatment slightly increases the final apparent density. An
increase in final density of about 2% is observed due to the homogenization heat
treatment. The grain size as measured by the linear intercept method is 1.52 um for the
conventional sample compared to 1.18 um to the homogenized sample. There is about a
22% reduction in final average grain size. If ‘;1 constant sintered denéity is considered the
conventional sample should have a much larger grain size compared to the homogenized

sample.

The difference in final microstructure between both sets of samples results from
the difference in green microstructure before sintering smce the pore structure of the
homogenized sample has been modified by the treatment at a low temperature. The most
striking microstructural feature is the uniformity of the grain size distribution resulting
from this homogenization heat treatment.. The reduction in grain size by this treatment is
not trivial, however the final grain sizes are not very different (1.18 um vs. 1.52 um). The
decrease in the size and volume fraction of the largest grains is much more significant
with this treatment. The reduction of the largest diameters and the number of grains with
diameter larger than the average grain size are believed to be more significant than the
reduction in average grain size to increase the flexural strength of fine-grained Al,O3

ceramics.

50



The four-point flexural strength of the conventional and the 800°C/50 h
homogenized sarhples is 540 £ 156 MPa and 600 * 145 MPa, respectively. The strength
increases by about 10% with the use of the homogenization heat treatment. Although the
strength seems high compared to samples prepared by conventional processing, the
strength could be improved if the machining of the testing pieces could .be well
controlled. With surface finishing to about 9 pm in this case, surface flaws may be the
controlling factor in determining the flexural strength rather than the intrinsic dependence
of strength on grain size. The standard deviation of strength for both the conventional and
the homogenized samples in the measurement is very similar which is likely to predict
that the increase of strength is possible if the final microstructure of the fired product is

more uniform (as from the strength difference by 10% in this study).
~ 4.1.4.2 Densification Kinetics

The evolution of instantaneous density during sintering is plotted for the
conventional and the homogenized samples as a function of temperature in Figure 4.6.
The instantaneous density was calculated using dilatometer data following Eq.(3-3).
When the sintering temperature is below 1350°C, the conventional samples are more
dense; for temperatures above 1350°C, the homogenized sarhples reach higher densities.
As shown in the plot of densification versus temperature, the onset temperature for
densification in the homogenized samplés is = 1000°C, which is 50°C higher than the
onset temperature for the conventional samples. This result indicates that local
densification rates in the conventional sample are pronounced in the early ‘stages of
sintering. Densification rates calculated from Eq.(3-4) are plotted as a function of
temperature in Figure 4.7 for both sets of samples. Furthermore, the sintered density is
different for the conventional sample and the homogenized sample for a given sintering
temperature. The densification rate plotted against sintered density is presented in Figure

4.8. For samples sintered to the same sintered density the densification rate is always
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higher for the homogenized samples. The homogénization heat treatment‘ appears to
reduce the local densiﬁcation rates at low temperatures, and the maximum densification
rate is shifted toward a higher temperature. As far as the densification rate is concerned,
the effect of the homogenization heat treatment is very similar to the effect of increasing
the heating rate. [23,24] As already reported by Lange [24], the density at which the
densification rate reaches its maximum is 0.77 for any heating rate. The maximum
densification rate in this study occurs at a density of 0.80 for both the conventional and

the homogenized samples; this value is very close to that observed by Lange.

4.1.4.3 Microstructural Evolution

For both sets of samples, sintering was interrupted at different temperatures to
study the effect of the homogenization heat treatment on the evolution of the
microstructure. Figure 4.9 shows the microstructures of the homogenized and the
conventional samples after a sintering treatment interrupted at 1200°C. For the
conventional sample, some areas containing many grains are already densified, an effect
which is not obsefved in the homogenized sample; in it no dense regions are found. The
sintered density of the conventional sample is higher than that of the sample
homogenized at 800°C for 50 h (0.76 0.01 vs 0.73 £ 0.01 of theoretical density). The
microstructure of the homogenized sample is more open and the pores are more
uniformly distributed. In contrast to the microstructure of the homogenized sample, the
conventional sample has a microstructure typical of differential densification or sintering
damage. The dense regions surrounded by some iarge pores are areas which formed by
differential densification in the early stages of sintering; this behavior results in the

nonuniform microstructure in the conventional sample.

After sintering to 1350°C, at which temperature both kinds of samples have the

same sintered density of 0.94, the distribution of pores is significantly different, as seen in
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Figure 4.10. The conventional sample shows clustering of grains into dense dbmains that
are surrounded by low density regions of large pores, which is typical of pronounced
differential densification. The dense regions are greater than 10 pm and typically contain
more than 10 grains; these domains are larger than the regions still containing pores. For
the homogenized sample, the microstructure is much more uniform, having small pores

uniformly distributed as well as having smaller dense domains.

As presented in Figure 4.7, the maximum densification rate occurs at = 1260°C
for both the conventional and the homogenized samples, where sintered density is about
0.80 of theoretical density. A comparison of the microstructures for both kinds of samples
reveals a difference in the formation of dense regions below this temperature. In the
microstructure shown in Figure 4.9(a) (the conventional sample), the formation of closed
porosity is obvious, and this may not be measurable by mercury porosimetry; the amount
of closed porosity appears to be higher in the conventional sample than in the
homogenized sample. However, the variation of the pore structure above 1260°C is much

more notable.

To recognize the microstructural evolution of the powder compacts which
accompanies the densification kinetics presented in Figure 4.7 and Figure 4.8, sintering is
interrupted at intermediate temperatures, such as 1260°C, 1300°C, 1350°C, and 1400°C.
Figure 4.11 and Figure 4.12 show SEM 'micrographs of polished and thermally etched
surfaces of the conventional and the homogenized samples sintered to the final
temperatures, respectively. In the conventional sample sintered to 1260°C, dense regions
have formed and are nonuniformly distributed throughout the microstructure. Some
loosely packed areas are interconnected with pores of large coordination number as seen
in Figure 4.11(a). If the sintering temperature is raised, the growth of the dense domains
becomes more clear and the uneven disuibuﬁon of porosity is more pronounced, as noted

in Figure 4.11(b) and 4.11(c). When the conventional sample is sintered to 1400°C, the
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grain size is increased by about 4 times to reach 0.8 pm. Some large grains (> 2 pm)
already exist, and an uneven pore size distribution resulted from the variation of pore
sizes in the early and intermediate stages of sintering. Such an inhomogeneous
“microstructure results from locally different densification rates due to microstructural
heterogeneity which formed during powder processing and consolidation. This effect is
especially significant in the carly stages of sintering because the stress generated by the
differential densification may be high enough to break up the necks which, in turn,

generate larger pores or even flaws in the microstructure.

Figure 4.12 shows the microstructures of the homogenized samples sintered to
various temperatures. The microstructure appeafs to be rather uniform with only a small _
fraction of dense domains when the powder compact is sintered to 1260°C. A comparison
of microstructures for the two sets of samples treated at the same sintering temperature
can be made using Figure 4.11 and Figure 4.12. The effectiveness of the homogenization
heat treatment on the uniformity of pore size distribution can be seen. It can be
summarized that not only the final microstruéture of the homogenized sample is
improved, but the evolution of microstructure throughout the sintering process is
effectively modified. Using the linear row model for the interaction of densification and
coarsening which was put forth by Carter ana Cannon [25], the conditiohs for the break-
up of the neck between spheres are established. Differential densification occurs when the
system is constrained and only partially densified, resulting in the break-up of a sintering
chain. In a real powder system, damage by bmak-up between partially densified regions
and porous regions will occur if the green state has a significantly he'terogeneous

arrangement. In this case, the final microstructure which results can be very undesirable.



4.1.4.4 Pore Evolution

In Figure 4.13, the variation of open porosity for both sets of samples during
sintering is plotted as a function of the sintered density. For the temperature range in
which there is only open porosity i'n the compacts, the volume of open porosity is slightly
lower for the conventional samples. This is the result of earlier densification, that is,
faster removal of porosity in the conventional sample when the sintering temperature is
below = 1350°C. In addition, the closed porosity shown in Figure 4.14 is always smaller
in the homogenized samples, and an extrapolation of the evolution of the closed porosity
toward the low density region shows that the pores remain totally open at higher sintering
temperatures in the homogenized samples. In the temperature range where there are only
closed pores left, the porosity is higher in the conventional samples. This evolution of
porosity can be directly correlated with the microstructural evolution during sintering of

both sets of samples.

It is reasonable to expect that the delay of pore elimination in the homogenized
samples during later stages of sintering is another reason for the more uniform pore size
distribution in the microstructure. Upon sintering, the time needed for closure of the pore
channels increases due to the reduction of perturbations which occurred during the
homogenization heat treatment. This situation can be understood from the pore size
distribution data obtained using mercury porosimetry; the pore size distribution is
narrower and is shifted to larger values by the homogenization heat treatment.
Consequently, the pore size will be smaller and more uniformly distributed for the
homogenized sample sintered to the later stages. Furthermore, grain growth will be more
uniform due to the effect of the continuous pore channels, which inhibit grain growth

until the later stages of sintering.
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4.1.4.5 Grain Size and Density Trajectories

The evolution of average grain size during sintering for both the conventional and
the homogenized samples is shown in Figure 4.15. Average grain size is measured from
micrographs of dense regions of polished and thermally etched surfaces of the compacts
sintered at desired temperatures. When the sintering temperature is lower than 1350°C,
the effect of the homogenization heat treatment is not obvious. When temperature is
raised to above 1350°C, the average grain size of the conventional samples increases
much more rapidly than that of the homogenized sarﬁples. The larger average grain size
in the conventional sample sintered to higher temperatures results from the contribution
of a higher fraction of very large grains existing in the microstructure. When the sintering
temperature is higher, the driving force for grain growth becomes more significant if
there are some dense regions formed in the early stage of sintering, as in the conventional
sample. The attainment of fine-grained AloO3 ceramics with a higher sintered density is

clearly achievable through the use of such a simple homogenization heat treatment.
4.1.5 Effects of Consolidation Technique

To study the influence of powder consolidation techniques, on the two-step
sintering of Al»O3 ceramics, slip cast compécts are homogenized at 800°C for 50 hours
and subsequently sintered to 1450°C without soaking. Figure 4.16 shows the resultant
microstructures of the conventional and the homogenized samples. Both samples have
nearly the same grain size under isothermal sintering conditions. The average grain size
of the conventional sample is 2.16 pm and it‘ is 1.84 pum in the homogenized sample as
seen from Table 4.2. The reduction of average grain size is only 15% with the
homogenization heat treatment when the powder compacts are slip cast. Compared with a
22 % reduction of éverage gréin size by isostatic pressing, the slip casting technique

seems less effective as a method of microstructure improvement.
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The initial density of powder compacts formed by slip casting is almost identical
to that of compacfs formed by isostatic pressing, but the mean grain size after sintering is
larger for the samples formed by slip casting. The volume fraction of the largest grains
(which are elongated and plate-like) in the conventional sample is higher than in the
homogenized sample. The final density is similar for both sets of samples (0.988 of

theoretical density). The microstructure is more uniform in the homogenized sample.

The difference could result from the packing uniformity of particles for these
forming teéhniques. The particles can be packed more hoxﬁogeneously by the slip casting
method if the powder is dispersed well by adjusting the pH value to between 3 and 4. If
this is accomplished, the degree of agglomeration in the powder compacts formed by the
slip casting technique is less serious. Nevertheless, agglomerates cannot be removed
completely. The homogenization heat treatment still provides a modification of the pore
structure which benefits the microstructural evolution as stated previously. The
homogeneity of particle packing is less in the isostatic pressing method because large
interagglomerate pores are formed by large powder granules. A comparison of sintered
density and densification kinetics for powder compacts formed by isostatic pressing and
slip casting techniques is shown in Figure 4.17 and Figure 4.18. The delay of
densification in the homogenized samples made by isostatic pressing and slip casting is
almost identical. As can be seen from the densification rate curves given in Figure 4.18,
samples formed by both isostatic pressing and slip casting methods have higher
densification rates and densification is shifted to higher temperatures. However, the
densification rate curves for the conventioﬁal samples prepared by slip casting and
isostatic pressing are completely identical. From this observation Qf the sintering kinetics
of both kinds of powder compacts, it is again demonstrated that the homogenization heat
treatment is effective for dens;ification rate enhancement for both forming techniques

since in both cases the green powder compacts did not have a uniform pore structure.
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Another set of powder compacts were also prepared by the slip castiﬁg method,
but with a higher'initial density (= 0.63 of theoretical density). As presented in Table 4.3,
the use of the homogenization heat treatment does not decrease the mean grain size, but’
does slightly increase the final density. In this case the pore structure of green compacts
should be more homogeneous due to the higher green density. The homogenization heat
treatment does not seem to improve the pore structure in this case; therefore, the final
microstructure for the conventional and the homogenized samples is almost identical. It is
also noted that the grain growth of the powder compact in the later stages of sintering is
more obvious if the initial density is higher. In general, the more homogeneous the green
microstructure, the less residual porosity present. Therefore, the effect of pore drag on the
grain boundaries becomes less pronounced, i.e., grain size will be larger after sintering.
This result demonstrates that if the pore structure is more uniform due to good packing of

particles, the benefit from a homogenization heat treatment before sintering is reduced.

As summarized from the effect of different forming techniques on the sintering
kinetics and microstructural evolution, the slip casting technique appears to provide a
better sintered microstructure for the production of fine-grained AlpO3 ceramics without
resorting to the use of a homogenization heat treatment. However, if the pore structure of
green powder compacts is inhomogeneous; the homogenization heat treatment is an
effective and simple way to improve the microstructure of sintered, undoped AlyO3

ceramics.

4.1.6 Optimal Conditions of Homogenization Heat Treatment

From the previous results, the improvement in the microstructure of homogenized
Al»O3 ceramics sintered at a constant heating rate of 4°C/min. to 1450°C can be
significant. It is interesting to study the effects of varying the conditions of the

homogenization heat treatment on the final microstructure to find out the optimal
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conditions for microstructural evolution. Table 4.4 gives the results obtained from the
sintering of varioﬁs powder compacts homogenized under different conditions, such as
800°C/25 h, 800°C/50 h, 900°C/25 h, and 100°C/25 h. The final sintering temperature is
also changed to determiné the influence of the sintering temperature on the aw)eragé grain
size. The homogenization heat treatment at 1000°C for 25 hours results in an increase of
the density from 0.61 to 0.64 of theoretical density. Homogenization heat treatments at
lower temperatures do not change the initial density. The measurement of grain sizes for
these samples sintered at a constant heating rate of 4°C/min. to 1400°C demonstrates that
the average grain size is reduced for all the homogenized samples. However, this
reduction is not very significant for samples sintered to 1400°C. In addition, the sintered

density for constant heating rate sintering to 1400°C is below 0.98 of theoretical density.

When the sintering temperature is raised to 1450°C, both conventional and
homogenized samples can be sintered to a density > 0.99 and the average grain size is
similar for all the homogenized saniples. The reduction of average grain size is clear
when the homogenization heat treatment is applied. Figure 4.19 is a plot of sintered
density versus temperature for conventional and homogenized samples sintered at a
constant heating rate of 4°C/min. to 1450°C. Densification of the sample homogenized at
1000°C for 25 hours is significantly deléyed compared to other homogenization
conditions. Moreover, the densification ‘rate from the data plotted in Figure 4.19.is
calculated and shown in Figure 4.20. Only a slight improvement in densification rate can
be obtained by homogenizing at 800°C for 25 hours. The higher the temperature for the
homogenization heat treatment, the higher the shift in température of the maximum

densification rate.

The determination of optimal conditions is, however, not complete using only the
results of sintered density, average grain size, and sintering kinetics. It is necessary to

incorporate a microstructural evolution study to fully determine the optimal conditions of
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the homogenization heat treatment. Micrographs of polished and thermally etched
surfaces are shown in Figure 4.21 and Figure 4.22 for the sintering temperatures of
| 1400°C and 1450°C, respectively. A difference in microstructure between the
conventional sample and those of samples homogenized at different conditions is evident
at both sintering temperatures. Evidently, ihe microétructures for the samples
hombgenized at 800°C/50 h and 900°C/25 h are more uniform than in all other cases.
Very large grains are frequently seen in the conventional samples sintered to 1400°C or
1450°C. Another striking feature of the microstructure for the sample homogenized at
1000°C for 25 hours is the trend toward a bimodal grain size distribution. These huge
grains (sometimes with high aspect ratio) developed rapidly during sintering and are
embedded in a matrix which has a fine grain size. This phenomenon is the result of too
~ high a temperature for the homogenization heat treatment, which causes some regions to
densify during the treatment. Those densified regions allow further grain growth at high
sintering temperatures. It should be noted that the microstructure of the 1000°C/25
homogenized sample is still denser and more uniform than that of the conventionally

sintered sample.

As can be summarized from the results, the optimal condition for the
homogenizaﬁon heat treatment appears to be 800°C/50 h or 900°C/25 h when followed by
constant heating rate sintering of 4°C/min to 1450°C. When a different sintering schedule
is used, the optimization of the homogenization heat treatment still appears to work well
because the modification of the pore structure seems appropriate for any subsequent

sintering schedule.
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4.2 MgO-Doped Alumina
4.2.1 Sintering and Microstructure of MgO-Doped Alumina

To test whether the homogenization heat treatment has similar effects on the
microstructural evolution of other sysfems, MgO-doped AlO3 ceramics’ were studied.
MgO doping} has been recognized as an effective way to improve the microstructure of
Al7Oj3 for over three decades. [26] Abnormal grain growth is fully suppressed and the
average grain size is greatly reduced in MgO-doped Al20O3 ceramics. The effects of
homogenization conditions, sintering schedules, and consolidation techniques are studied
for 250 ppm MgO-doped Al>O3 ceramics. The sintering behavior of undoped Al2O3 is
examined to compare with that of 250 ppm MgO-doped AlyO3.

4.2.1.1 Constant Heating Rate Sintering

From the previous results of undoped Al»Oj3 in section 4.1.1, 800°C /50 h appears
to be the optimal homogenization condition for undoped Al20O3. Therefore, in the case of
MgO-doped Al»Oj3, the condition for the homogenization heat treatment is fixed at 800°C
for different durations, such as 50, 100, and 200 hours. The prolonged duration of 200
hours at 800°C is designed to study the influence of densification and coarsening on the
microstructure of MgO-doped AlpO3 ceramics. From the results given in Table 4.5, the
sintered density is increased by the vario;1s homogenization heat treatments compared to
the conventional sample. Table 4.5 also shows that the mean grain size can be reduced by
the homogenization heat treatment, even for a prolonged soaking time. The mean grain
size for the conventional MgO-doped Al,O3 ceramics is smaller then that of undoped
Al>03 ceramics. In addition to the reduction of mean grain size by MgO doping, further
reﬁnc;ment of grain size is-obtained by the homogenization heat treatment. However, the
heating rate for the MgO-doped Al2O3 ceramics is 5°C/min. compared to 4°C/min. for the

undoped Al»O3 ceramics. It can be understood that a fast heating rate will reduce the total
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time spent at sintering temperatures, and thus may produce a finer grain size. As will be
shown later, the mean grain size is reduced when MgO is added to AlpO3 ceramics and

the same sintering conditions are used.

Micrographs showing the conventional and the homogenized samples are
presented in izigure 4.23. Evidently, the mean grain size for the conventional Sample is
larger than those of samples homogenized at different conditions. Moreover, almost no
difference can be found between these three homogenized samples. The mean grain size
is reduced about 15 % through the use of the homogenization heat treatment. It is hard to
quantitatively specify any difference m grain size distribution without the use of an image
analyzer. However, there is a slight improvement in the uniformity of grain size
distribution as can be seen by comparing the micrographs shown in Figure 4.23. In the
- micrograph of the conventional MgO-doped Alp03 sample, a few elongated plate-like
grains (aspect ratio > 2) can be found. The occurrence of such elongated grains is
frequently observed to a greater extent in the undoped Al>Oj3 ceramics Sintered
conventionally. Coble [27] proposed that MgO doping would increase the densification
rate relative to the grain growth rate so that the possibility for the formation of abnormal
grain size is reduced. The homogenization heat treatment of the MgO-doped Al,O3
ceramics is proven to suppress the formation of such elongated plate-like grains and to

result in a uniform microstructure.
4.2.1.2 Fast Firing

A fast firing technique was used to stﬁdy the effect of sintering schedule on the
microstructural difference between the conventional and the homogenized MgO-doped
AlpO3 samples. Figure 4.24 shows that the difference in the microstructures resulting
from various homogenization conditions .is not obvious. The average grain size is very
close for the three samples which were fast fired at a heating rate of 340°C/min. to

1750°C and held for 5 minutes. As seen from Table 4.6, the lower sintered density of the
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conventional sample, 0.993 compared to 0.999 for the hombgenized samples (800°C/50 h
and 800°C/100 h), is significant. It is evident from Figure 4.24(a) that pores are mainly
located at triple junctions in the microstructure of the conventional sample. The presence

of pores in the homogenized samples is significantly reduced.

Fast firing of MgO-doped Al,03 ceramics allows sintered products with a high
density and uniform microstructure to be obtained when the homogenization heat
treatment is applied before the sintering step. However, from the mean grain size values
given in Table 4.6, the grain size is almost the same for the conventional and the
homogenized samples (= 6 um). It can be realized that grain growth kinetics are very
similar for the conventional and the homogenized samples during soaking at such a high
temperature (1750°C even for only 5 minutes). Therefore, the use of fast firing cannot be
considered as a potential technique for the manufacture of fine-grained AlpO3 (of course,
near full density). However, fast firing of AloO3 powder compacts to such high
temperatures and subsequent holding is suitable for the production of translucent
ceramics because of the near full density and the very large grain size of the
microstructure. For the manufacture of very fine-grained (< 1 um) AlpO3 ceramics with
high density, a two-step sintering (homogenization heat treatment at a low temperature

and subsequent sintering) technique appears'to be the best choice.
4.2.2 Effects of MgO-Doping

The green density, final density and grain size for the conventional and the
homogenized samples formed by slip casting and sintered at a constant heating rate of
4°C/min. to 1450°C is shown in Table 4.7. The average grain size is smaller for the
homogenized sample than for the conventional sample. There is about a 26 % reduction
in average grain size due td the homogenizaﬁon heat treatment. It should be noted that the
mean grain size in the powder compacts made by slip casting is higher thé.n that of

compacts formed by cold isostatic pressing. However, the initial density of both kinds of
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samples is the same and is close to that of those samples formed by cold isostatic
pressing. The pécking of particles after the slip casting technique is far from fully
homogeneous, state, but it is better than that of powder compacts formed by isostatic
pressing. The final sintered microstructures for the conventional and the homogenized
samples formed by slip casting arepfesentéd in Figure 4.25. 'I'h¢ grain shape in the
homogenized sample is completely equiaxed. Improvement of uniformity in grain size

distribution is clearly observed in the homogenized sample.

Comparing the results from Table 4.2 and Table 4.7 for undoped and MgO-doped
AlyOj3 ceramics (formed by slip casting) sihtered under the same conditions, the mean
grain size is significantly reduced when 250 ppm of MgO is added to AlpO3 ceramics. In
the case of the conventional samples, the reduction of grain size by the MgO doping is
~ about 33 %. On the other hand, in the case of the 800°C/50 h homogenized samples, the
decrease in mean grain size is about 42 %. Moreover, if the mean grain size of the
undoped Al>O3 is compared with that of MgO-doped Al»O3 sintered conventionally, the
reduction of grain size is as large as 50 % (2.16 pm vs. 1.07 pm). From the above data, it
can be seen that the combined effect of the homogenization heat treatment and MgO

doping is significant for refining the mean grain size in the sintering of AlyO3 ceramics.

The effects of the homogenization heat treatment and MgO doping on the
densification kinetics of AlpO3 during s'intering can be seen in Figure 4.26. Sintered
density as a fu.nction of temperature is plotted for powder compacts formed By slip
casting. Sintering at a constant heating rate of 4°C/min. to 1450°C gives a density > 0.998
of theoretical density for all the AlO3 sintered bodies. As seen from Figure 4.27, the |
densification rates of MgO-doped samples and of all homogenized $samples are higher
than the conventional and undoped Aly0O3 ceramics. The homogenization heat treatment
alone can also increase the densification rate of undoped AlpO3 ceramics compared to |

conventional samples. Evidently, the effect of the homogenization heat treatment is
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similar to the function of MgO doping, but it might be through a different mechanism.
The combination .of the homogenization heat treatment and MgO doping can result in an
even higher densification rate. This suggests that the homogenization heat treatment has a
positive and additive influence on the improvement of microstructure of AlpO3 ceramics

or MgO-doped Al»O3 ceramics.

4.2.3 Role of MgO-doping and Homogenization Heat Treatment

The addition of MgO is demonstrated to inhibit the rate of normal grain growth of
AlO3 in this work, which supports the idea that the role of MgO is to reduce the grain
boundary mobility. {28-30] Despite such intensive study on the role of MgO doping and
its effect on the sintering kinetics and microstructure of AlpO3 ceramics, there is still
controversy about the mechanism by which MgO addition affects microstructural
evolution. Recently, the role of MgQO in the sintering of Al2O3 has been reviewed and
summarized by Benison and Harmer. [26] The moSt important effect of MgO doping on
the sintering of Al»O3 is the reduction of grain-boundary mobility through a solid
solution mechanism. It is not the intention of this work to find out the mechanism of
MgO doping on the microstructure improvement of AlpO3 ceramics, because the
chemical effects and characterization of MgO are still unknown. However the distribution
of MgO in the AlpO3 matrix is extremely important to achieve homogeneous
densification. It is found that the distribution of the MgO additive became more
homogeneous if the powder compacts were preﬁ_red at 1000 - 1200°C prior to sintering.
[31] The effect of the homogenization heat treatment on the microstructure improvement
of MgO-doped Al»O3 ceramics is believed to be that the distribution of the MgO addition
becomes more uniform through prolonged heat treatment. The use of the homogehization
heat treatment at 800°C for a dwelling time of up to 200 hours not only increases the
densification rate but also provides a more homogeneous microstructure of MgO-doped

Al20j3 ceramics than that of those samples sintered conventionally.
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From the results of the sintering of undoped AlyO3 and MgO-doped Al203
ceramics presentéd in this study, the effect of a low temperature heat treatment does not
retard the densification kinetics, and in contrast it assists the improvement of
microstructure, which is completely different from the concept of fast firing [32,33] or
ultra-rapid sintering [34,35] techniques. The present results strongly suggest that the
homogenization heat treatment in the two-step sintering technique can homogenize the
pore structure of the powder compacts which, in turn, improves the microstructure. It is
necessary to study the detailed mechanism of the homogenization heat treatment on the

microstructural evolution of different material systems to find general applications.
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Chapter 5

Conclusions and Suggestions for Future Work
5.1 Conclusions

A homogenization heat treatment of AloO3 powder compacts at 800°C for 50
hours produces a more uniform pore structure and a higher green strength. Pore size
distribution becomes narrower, as has been demonstrated by mercury porosimetry.
Moreover, the strength of the homogenized samples can be increased by 50 times through
the use of this treatment to reach 43 MPa. In contrast, there is negligible strength (< 0.9
MPa) for samples without the heat treatment. This extra strength provides strong
resistance to damage from differential densification in the subsequent early sintering
stages. Another important benefit of the homogenization heat treatment is that green
machining is possible, which reduces the generation of machining flaws and the need for

machining after sintering.

Near fully dense (> 0.995 T.D.), fine-grained (< 1.2 um) and uniform grain size-
distribution, undoped AlpO3 ceramics can be produced by using a high quality powder, a
high-pressure isostatic forming method, and a two-step sintering technique.
Improvements in the microstructure of MéO3 ceramics homogenized at 800°C/50 h
include a smaller pore size and a more uniform pore sizé distribution. Prevention of
differential densification in the early stages and delay of pore chann(_al closure to the later

stages of sintering are believed to be the primary mechanisms for the microstructure

improvement in two-step sintering of Al,O5 ceramics. The flexural strength of sintered

Al,O5 can be increased by about 10 % after the homogenization heat treatment. This is

due to the effects of reducing the size and volume fraction of the largest grains in the

homogenized samples.
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Mechanisms responsible for the improvement of microstructure of sintered Al,0O5
ceramics by a homogenization heat treatment in the present work are summarized as
follows: 1. A homogenization heat treatment which enhances the neck growth between
particles results in the reduction of sintering damage by differential densification in the
early stages of sintering. 2. The elimination of very fine particles by the homogenization
heat treatment enlarges the pore size and narrows the width of pore size distribution, and
thereby, homogenizes the pore size distribution. 3. Reduction of pore structure
heterogeneity by the homogenization heat treatment which suppressing the earlier
formation of the dense network regions minimizes the local differential densification
rates. In turn, this effect increases the densification rate at higher sintering temperatures
as the more uniform pore structure is being eliminated. 4. The delayed densification to
higher sintering temperatures allows the system to stay longer in the open porosity stage,

reducing high-temperature coarsening.

When the homogenization heat treatment is done at 800°C for 25 hours, the final
sintered microstructure is only slightly improved. Apparently the duration is too short or
the temperature for thé homogenization of the pore structure is too low to give a
substantial improvement through the above mechanisms. The higher the temperature for
the homogenization heat treatment, the short‘er the time needed to reach the homogenized
condition. When the temperature for the homogenization heat treatment is 1000°C, the
final sintered microstructure tends toward a bimodal grain size distribution, although the
sintered density is still higher than that of conventional samples. The optimal conditions

for the homogenization schedule appear to be 800°C/50 h or 900°C/25 h.

The two-step sintering technique gives an alternate way to improve the

microstructure of Al,O4 ceramics compared- to fast firing or MgO doping. When a

combination of the homogenization heat treatment and the fast firing technique is used,

the final density is even higher than that resulting from fast firing alone. However, the
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two-step sintering technique is simple in nature and there is no limitation on the size of
the samples. Generalization of two-step sintering to more systems is needed for practical

applications.

For 250 ppm MgO-doped Al,O; ceramics, the homogenization of powder
compacts at 800°C for 50 hours produces a sintered body with a grain size of about 0.80
pim. The refinement of grain size is more pronounced as a result of MgO-doping. It is
explained that not only MgO doping inhibits the grain growth kinetics of Al,O, but also
the homogenization heat treatment impi‘oves the pore structure of the Al,O; powder
compacts. This improvement is based on the explanation that the distribution of MgO
becomes more uniform during the homogenization heat treatment, which enhances the

effectiveness of MgO doping.

'5.2 Suggestions for Future Work

1. Particle packing is the most critical factor in determining the green
microstructure when ideal powder is used. The extent of differential densification can be
significantly reduced and the effect of homogenization may be negligible if a very
. homogeneous green microstructure can be achieved through colloidal processing. It can
be predicted that the more homogeneous the green microstrﬁcture, the less a
homogénization heat treatment will influence or improve the final microstructure.
However, it would be interesting to prove this phenomenon by preparing a very
homogeneous powder compact by colloidal processing and examine the effects of the

homogenization heat treatment on the microstructural evolution.

2. To realize the effects of particle size distribution on the homogenization heat
treatment, the use of a bimodal distribution powder by mixing particles of two different
sizes with a size ratio in the range of 6.5 - 10 can be studied. The volume fraction of fine

particles in the bimodal powder may affect the particle packing homogeneity, and hence
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by varying of the fine particle fraction the effectiveness of the homogenization heat
treatment can be examined. Moreover, particle packing by various consolidation
techniques can be used to investigate the effects of particle packing homogeneity on the

microstructural evolution during the homogenization heat treatment and subsequent

sintering.

3. By using a powder with broad particle size distribution as a starting material to
form a green compact having the same green density as those formed by narrow-sized
powder, the effects of the homogenization heat treatment on the microstructural evolution

can be investigated.

4. By combining the MgO-doping and a homogenization heat treatment fine-
grained (= 0.8 pum) AlpO3 ceramics which are produced may possess very high strength
(probably > 800 MPa). However, the surface flaws induced by the machining of testing
pieces may give a lower value of strength, not the true intrinsic strength of the fine-
grained Al»O3 ceramics. Therefore, the manufacture of such AlpO3 ceramics by the
optimization of the homogenization and sintering schedules together with controlled

surface finishing of testing pieces would be important for the attainment of high strength.

5. It is widely recognized that the dielectric constant of BaTiO3 ceramics is
increased when the grain size is reduced.  The attainment of fully dense and fine-grained
BaTiOj ceramics i)y controlling the sintering schedules has been the subjéct of intensive
study. Two-step sintering is a potential technique for the processing of BaTiO3 ceramics
to high density and small grain size. By using a narrow-sized, agglomerate-free, and
submicron BaTiO3 powder, the effects of the homogenization heat treatment on the
microstructural evolution during subsequent sintering can be investigated. Application of
two-step_éintering to the commercial BaTiO3 powders xﬁay have a more substantial

impact on the electronic ceramic industry. Applications to covalent bonded ceramics,
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such as Si3Ng4, SiC, and B4C, provide another possibiIity for gaining a_ better

understanding of the two-step sintering technique.

6. The optimization of the conditions of the homogenization heat treatment with
the aim of shortening the duration time of the heat treatment for the purpose of increasing

productivity would be important for industrial applications.
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Tables

Table 4.1 Densities, and mean grain sizes of AlO3 compacts are compared for the
conventional and the 800°C/50 h homogenized samples. Sintering was conducted at a
constant heating rate of 4°C/min. to 1450°C in air.

Sample Condition “ Initial Densing " Final Density* “ Mean Grain Sizel

Conventional 0.60 £001 0.975 £ 0.005

0.60 £0.01 0.996 + 0.005

0 Heat Treatment

Homogenized
(800°C/50 h)

tGreen density is calculated from b'y dimension and weight.

*Final density is measured by Archimedes method in deionized water.

9 More than 2000 grains have been counted for the mean grain size.

Table 4.2 Density and mean grain size are compared for the conventional and the
800°C/50 h homogenized samples. Powder compacts formed by slip casting were sintered
at a constant heating rate of 4°C/min to 1450°C in air.

Sample Condition | Initial Densigz " Final Densigz | Mean Grain Size

|__Conventional | __ 0613 || 0998 | 2.16 um
800°C/s0h | 0.612 [ o908 [ 184um

Table 4.3 Undoped Al,O3 powder compacts formed by slip casting technique were
sintered at a constant heating rate of 4°C/min. to 1450°C in air. Densities and mean grain
sizes are compared for the conventional and homogenized samples at different conditions.

Sample Condition II Green Density " Final Density " Mean Grain Size

Conventional | 0629 | 097 |  180um
_socnsh | o6 | 0997 | 188ym

800°C/50h | 0.632 [ 0999 | 188um

75



Table 4.4 Final densities and mean grain size of AlO3 powder compacts formed by
isostatic pressing are compared for the conventional and various homogenized conditions.

Sintering was conducted at a constant heating rate of 4°C/min. to 1400°C and 1450°C.

| Sample l Initial Density ’ Final Density Grain Size
Conditions (To 1450°C) (To 1400°C)
Conventmnal m 0.993 l 1.14 ym |
[oowcoss | o0 | oo | 1ooum |
800°C/50 h " 0.61 Imml 1.71 pm
sopcosn | oa | ooos | osoum | 17mm
1000°C/25 h I 0.64 " 0.998 " 0.93 ym I 1.81 pm

Grain Sizé

(To 1450°C)

Table 4.5 Comparison of final density and mean grain size of 250 ppm MgO-doped

Al,O3 compacts formed by isostatic pressing at 1380 MPa. Sintering was conducted at a
constant heating rate of 5°C/min to 1450°C in air for the conventional and different heat

treatment conditions.

Sample Conditions Final Density “ Mean Grain Size

Conventional " 0.985 I 0.91 um
800°C/50 h " 0.995 l 0.77 um

800°C/100 h O 993 0.86 um
800°C/200 h 0.994 0.87 um
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Table 4.6 Comparison of final density and mean grain size of 250 ppm-MgO-doped

Al,O3 for the conventional and the homogenized samples sintered by fast firing

conditions (340°C/min) to 1750°C and soaking for 5 min in vacuum.

ﬁStamElc Conditions fl Final Density Mean Grain Size

Conventional l 0.993 | ' 6.15 um

800°C/50 h " 0.998 | 5.94 um

800°C/100 h | 0.998 || 6.03 m

Table 4.7 Densities and mean grain size are compared for the conventional and the
800°C/50 h homogenized samples. MgO-doped Al,O3 (250 ppm) powder compacts
formed by slip casting were sintered at a constant heating rate of 4°C/min to 1450°C in

air.

Sample Condition l Initial Density Final Density | Mean Grain Size

Conventional " 0.616 " 0.997 " 1.44 ym
800°C/50 h II 0.619 " 0.998 " 1.07 pm




Figure 3.1 The morphology of Al,O3 powder after 29 hours sedimentation to remove

agglomerates. The average particle size is 0.17 pm.
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Particle Size Distribution

Frequency (%)

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Particle Size (pm)

Figure 3.2 Particle size distribution of Al,O3 powder measured by the centrifugal

sedimentation method. The size distribution is very narrow.
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Figure 3.3 The morphology of Al,O3 granules.
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(a) Conventional

Figure 4.1 Scanning electron micrographs of fracture surfaces of unsintered Al;03
compacts. Powder compacts were formed by isostatic pressing at 1380 MPa: (a) as-

formed; (b) after 800°C/50 h heat treatment.
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Figure 4.2 Plot of pore size distribution as a function of pore diameter obtained from

mercury porosimetry for the conventional and 800°C/50 h homogenized samples (before

sintering).

82



Two—dimensional four—sphere model for a small
particle located in the internal pore.
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Small particle disappears To the early stage

Pore radius = R R/I‘ = 2.4 Pore radius = r

Figure 4.3 Schematic diagram of two-dimensional four-sphere model with the internal
pore filled by a small particle. Pore radius of the array is varied for different thermal

schedules.
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Figure 4.4 Scanning electron micrographs of polished and thermally etched surfaces of
AlO3 samples sintered at a heating rate of 4°C/min. to 1450°C: (a) conventional sample,

mean grain size is 1.52 pm; (b) 800°C/50 h homogenized, mean grain size is 1.18 um.



Figure 4.5 Another set of samples sintered at the same conditions as in Figure 4.4 with
lower magnification showing nonuniform grain size distribution in the conventional

sample.
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Figure 4.6 Evolution of instantaneous density as a function of temperature for the

conventional and the homogenized samples sintered in air at a constant heating rate of

4°C/min. to 1450°C without soaking.
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Figure 4.7 Plot of densification strain rate versus temperature for the conventional and

the homogenized samples sintered in air at a constant heating rate of 4°C/min. to 1450°C

without soaking.
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Figure 4.8 Plot of densification strain rate as a function of sintered density for the
conventional and the homogenized sintered in air at a constant heating rate of 4°C/min. to

1450°C without soaking.
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Figure 4.9 Scanning electron micrographs of polished and thermally etched surfaces of

Al>0O3 samples sintered at a heating rate of 4°C/min. to 1200°C: (a) conventional sample,
ps=0.76 T.D.; (b) 800°C/50 h homogenized sample, p; =0.73 T.D.
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Figure 4.10 Scanning electron micrographs of polished and thermally etched surfaces of
Al203 samples sintered at a heating rate of 4°C/min. to 1350°C. Dense regions are
surrounded by large pores in (a) conventional sample; pore size is small and uniformly

distributed in (b) 800°C/50 h homogenized sample.
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Figure 4.11 Scanning electron micrographs of the conventional samples sintered at a
constant heating rate of 4°C/min. to different final temperatures: (a) 1260°C; (b) 1300°C;

(c) 1350°C; (d) 1400°C.
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Figure 4.11 (Continued) Scanning electron micrographs of the conventional samples
sintered at a constant heating rate of 4°C/min. to different final temperatures: (a) 1260°C;

(b) 1300°C; (c) 1350°C; (d) 1400°C.
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Figure 4.12 Scanning electron micrographs of the 800°C/50 h homogenized samples
sintered at a constant heating rate of 4°C/min. to different final temperatures: (a) 1260°C;

(b) 1300°C; (c) 1350°C; (d) 1400°C.
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(c) 13500C

Figure 4.12 (Continued) Scanning electron micrographs of the 800°C/50 h homogenized
samples sintered at a constant heating rate of 4°C/min. to different final temperatures: (c)

1350°C; (d) 1400°C.
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Figure 4.13 Variation of open porosity as a function of sintered density for the
conventional and the homogenized samples sintered at a constant heating rate of 4°C/min.
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Figure 4.14 Variation of closed porosity as a function of sintered density for the
conventional and the homogenized samples sintered at a constant heating rate of 4°C/min.
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Figure 4.15 Plot of average grain size as a function of sintered density for the
conventional and the 800°C/50 h homogenized samples. The average grain size is
significantly reduced at higher densities through the use of the homogenization heat
treatment.

97



(a) Conventional §

Figure 4.16 Scanning electron micrographs of polished and thermally etched surfaces of
slip cast Al»O3 samples sintered at a heating rate of 4°C/min. to 1450°C without soaking:
(a) conventional sample, mean grain size is 2.16 pum; (b) 800°C/50 h homogenized, mean

grain size is 1.84 pm.
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Slip-Cast vs CIP for AKP-50 Alumina
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Figure 4.17 Sintered density is plotted as a function of temperature for powder compacts
formed by isostatic pressing and slip casting techniques. Sintering was conducted for the
conventional and the homogenized samples at a constant heating rate of 4°C/min. to

1450°C in air.
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Figure 4.18 Densification rate is plotted as a function of temperature for powder
compacts formed by isostatic pressing and slip casting techniques. Sintering was
conducted for the conventional and the homogenized samples at a constant heating rate of

4°C/min. to 1450°C in air.
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Figure 4.19 Sintered density is plotted as a function of temperature for powder compacts
formed by isostatic pressing. Sintering was conducted at a constant heating rate of

4°C/min. to 1450°C in air.
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Figure 4.20 Densification rate is plotted as a function of temperature for powder

compacts formed by isostatic pressing (= 1380 MPa). Sintering was conducted at a

constant heating rate of 4°C/min. to 1450°C in air.
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Figure 4.21 Scanning electron micrographs of polished and thermally etched surfaces of
Al203 compacts sintered at a constant heating rate of 4°C/min. to 1400°C: (a)
conventional sample; (b) 800°C/25 h homogenized; (c) 800°C/50 h homogenized; (d)
900°C/25 h homogenized; (¢) 1000°C/25 h homogenized.
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Figure 4.21 (Continued) Scanning electron micrographs of polished and thermally e{ched
surfaces of AloO3 compacts sintered at a constant heating rate of 4°C/min. to 1400°C: (a)
conventional sample; (b) 800°C/25 h homogenized; (c) 800°C/50 h homogenized; (d)
900°C/25 h homogenized; (¢) 1000°C/25 h homogenized.
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Figure 4.21 (Continued) Scanning electron micrographs of polished and thermally etched
surfaces of AlpO3 compacts sintered at a constant heating rate of 4°C/min. to 1400°C: (a)
conventional sample; (b) 800°C/25 h homogenized; (c) 800°C/50 h homogenized; (d)
900°C/25 h homogenized; (¢) 1000°C/25 h homogenized.
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(a) Conventional ¥

Figure 4.22 Scanning electron micrographs of polished and thermally etched surfaces of
Al203 compacts sintered at a constant heating rate of 4°C/min. to 1450°C: (a)
conventional sample; (b) 800°C/25 h homogenized; (c¢) 800°C/50 h homogenized; (d)
900°C/25 h homogenized; (e) 1000°C/25 h homogenized.
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Figure 4.22 (Continued) Scanning electron micrographs of polished and thermally etched
surfaces of AlpO3 compacts sintered at a constant heating rate of 4°C/min. to 1450°C: (a)
conventional sample; (b) 800°C/25 h homogenized; (c) 800°C/50 h homogeniied; (d)
900°C/25 h homogenized; () 1000°C/25 h homogenized.
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Figure 4.22 (Continued) Scanning clectron micrographs of polished and thermally etched
surfaces of AlpO3 compacts sintered at a constant heating rate of 4°C/min. to 1450°C: (a)
conventional sample; (b) 800°C/25 h homogenized; (c) 800°C/50 h homogenized; (d)
900°C/25 h homogenized; (e) 1000°C/25 h homogenized.
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Figure 4.23 Scanning electron micrographs of polished and thermally etched surfaces of
250 ppm MgO-doped Al03 compacts formed by isostatic pressing. Sintering was
conducted at a constant heating rate of 5°C/min. to 1450°C: (a) conventional sample; (b)

800°C/50 h homogenized; (c) 800°C/100 h homogenized; (d) 800°C/200 h homogenized.
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Figure 4.23 (Continued) Scanning electron micrographs of polished and thermally
etched surfaces of 250 ppm MgO-doped Al;O3 compacts formed by isostatic pressing.
Sintering was conducted at a constant heating rate of 5°C/min. to 1450°C: (c) 800°C/100
h homogenized; (d) 800°C/200 h homogenized.
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{a Conventional

Figure 4.24 Scanning electron micrographs of polished and thermally etched surfaces of
MgO-doped Alp0O3 samples fast fired in vacuum at a heating rate of 340°C/min. to
1750°C and held for 5 minutes: (a) conventional sample; (b) 800°C/50 h homogenized;
(c) 800°C/100 h homogenized. |

111



(b) 800°C/50h

=

Figure 4.24 (Continued) Scanning electron micrographs of polished and thermally etched
surfaces of MgO-doped Al;03 samples fast fired in vacuum at a heating rate of
340°C/min. to 1750°C and held for 5 minutes: (a) conventional sample; (b) 800°C/50 h
homogenized; (c) 800°C/100 h homogenized.
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(c) 800°C/100h &

Figure 4.24 (Continued) Scanning electron micrographs of polished and thermally etched
surfaces of MgO-doped AlpOj3 samples fast fired in vacuum at a heating rate of
340°C/min. to 1750°C and held for 5 minutes: (a) conventional sample; (b) 800°C/50 h
homogenized; (c) 800°C/100 h homogenized.
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a) Conventional

Figure 4.25 Scanning electron micrographs of polished and thermally etched surfaces of
250 ppm MgO-doped Al;O3 compacts formed by isostatic pressing (= 1380 MPa).
Sintering was conducted at a constant heating rate of 4°C/min. to 1450°C in air: (a)
conventional sample, mean grain size is 1.44 pm; (b) 800°C/50 h homogenized, mean

grain size is 1.07 pm.
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Pure vs 250 ppm MgO-Doped Alumina
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Figure 4.26 Sintered density is plotted as a function of sintering temperature for undoped
and MgO-doped Al,03 powder compacts formed by isostatic pressing (= 1380 MPa).
Sintering was conducted for the conventional and the homogenized samples at a constant

heating rate of 4°C/min. to 1450°C in air.
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Figure 4.27 Densification rate is plotted as a function of temperature for undoped and
MgO-doped Al;O3 powder compacts formed by isostatic pressing (= 1380 MPa). v

Sintering was conducted for the conventional and the homogenized samples at a constant

&

heating rate of 4°C/min. to 1450°C in air.
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