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Abstract

A simple process for the attainment of fully dense and improved microstructure

for A120 3 ceramics has been developed. High purity, narrow size distribution, and

submicron alumina powder is used for this investigation. A homogenization heat

treatment of A1203 powder 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 der:se (> 0.995

T.D.), fine-grained (< 1.2 gra) and uniform grain size-distribution, undoped AI20 3

ceramics can be produced by using a high quality powder, a high-pressu.. _,cold isostatic

forming melhod, and a two .step sintering technique. Improvements in the microstructure

of A1203 ceramics homogenized at 800"C/50 h include a smaller pore size and a more

uniform pore size distribution. Prevention of differential der, sification in the early stage_

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 AI203

ceramics.

" Two-step sintering technique gives an alternate way to improve the microstructure

of A1203 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 re " l ', su t_ng from fast firing alone. However, the two-step sintering

technique is sirnple 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 ibr practical

applications.

For 250 ppm MgO-doped AI20 3 ceramics, homogenization of powder compacts

at 800"C for 50 hours produces a sintered body with a grain si._ of about 0.80 I.tm. The
lP

refit_ement of g_ain size is mo_'e pronounced as a result of MgO-doping. lt is explained

that aot only MgO doping inhibits the grain growth kinetics of A120 3 but also the

homogenization heat treatment improves the pore structure of ,the A120 3 powder

compacts. "I'h_ ir.,.,provement is bo,_ed on the explanation that the dit;tribution of MgO

becomes more uniform during the homogenization heat treatment, which enhances the

effectiveness of MgO doping.
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Abstract

A simple process for the attahunent of fully dense and improved microstructure

for A120 3 ceramics has been deve]oped. High purity, narrow size distribution, and

submicron alumina powder is used for this investigation. A homogenization heat

tream_ent of A1203 powder compacts at 800°C for 50 hours produces a more unifotTn

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 gin) and unifom_ grain size-distribution, undoped AI203 ceramics can be

produced by using a high quality powder, a high-pressure cold isostalJc forming method,

and a two-step sintering technique. Improvements in the microstructure of AI203

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 laier stages of sintering are believed to be the

primary mechanisms for tl'_emicrosm_cture improvement in two-step sintering of A1203

ceramics.

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

. microstructure of A1203 ceramics compared to fast firing or MgO doping. When a

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

the finn density is even higher that, that resulting from fast firing alone. However, the

two-step sintering technique is simple in nature and vhere is no limiu'ltion on the size, oi'
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the samples. Generalization of two-step sintering to more systems is needed for practical

applications.

For 250 ppm MgO-doped AI203 ceramics, homogenization of powder compacts

at 800°C for 50 hours produces a sintered body with a grain size of about 0.80 i-tm. 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 A120 3 but also the

homogenization heat treatment improves the pore structure of the A120 3 powder

cornpacts. 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 (A1203) is one of the most important ceramic materials for structural and

. electronic applications. The properties of sintered A1203 are primarily determined by the

final microstructure and sintered density. Since AI203 ceramics have better mechanical,

optical and thermal properties if they ,u'e fully dense and fine-grained, numerous attempts

have been made to improve processing. The properties of the sintered alumina depend on

the starting panicle size, particle size distribution, p',u'ticle 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 detemfining 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. Panicle

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 specimen. Therefore, homogeneous panicle
o

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 i'or the control of the characteristics of the pr;.mary particles; the fina]l



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

during the powder 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 2

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-sized, well-dispersed powder

and a colloidal forming technique, dense Al203 products can be ac_fieved. [17] Narrow

size-distribution powders and colloidal forming techniques can produce a high density,

fine-grained A1203 product at very low temperature. [5] Pore size, and pore size

distribution are important factors that 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 A120 3 ceramics. "Fast firing" [18-20] or

"ultra-rapid sintering" [21,22] techniques are applicable for materials in which the

activation energy of surface diffusion is lower than that of grain boundary diffusion, e.g.,

A1203. Along with the higher sintering temperature (1850"C) needed for fast firing, the

main drawbacks are that the very high heating rate may cause them. " " -ck 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 A120 3 ceramics, but the detailed mechanism for the reduction

of grain si_ 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 homogenized at a

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 agglomerated ZnO and AI20 3

ceramics. The theoretical basis for the homogenization heat treatment at a lower

temperature is that surface diffusion is the most active mechanism for mass transport in

A120 3 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 ali 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 raters of the coarsening and

densification processe_s. "I_e homogenization 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, consumes the driving force for densification. In the case of coarsened compacts,

e.g., B4C, fully dense sintered bodies are not attainable. [30] The microstructure resullfing

from .the two-step sintering technique is more uniform and finer than that of the as-

pressed powder compacts which in rum suggests that the driving force for s_nter'ing is not

the critical factor tn detemffning the final microstructure. The pore morphology and pore

_ize distribution a.smodified by the homogenization heat treatment are the most plausible

reasons for microstructure i,mpmvement. During the homogenization heat treatment, the

pore stnlcture is modified sign._fica_fly, while the driving force for densification is

minimally affected as presented by Chu, et al. [29] Small isolated pores resulting from

porechannelclosurearedistributeduniformlyduringsinteringand leadtoan improved

final microstructure. Chu, et al. postulated that tlw reduction ,of differential denlfifi¢.ation.

during the initial stages of sintering is responsible for the microstructttre improvement.,

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

Since Coble [31] discovered that 0.25 wt% MgO was an effective additive in the

sinmring of A120 3, the role of MgO in the sintering of A1203 [32] has been svt_died

extensively. MgO has the effect of reducing the grain boundary mobility tlarough a solid

solution pinning mechanism. [33] 'Ilae densification rate of 250 ppm MgO-doped AI203

is enhanced compared to undoped AI20 3. 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 A120 3. Impurities in AI20 3, especially a liquid phase formed

during sintering, may affect the microstructural evolution. Ultra-pure alumina powder

used as the starting material eliminated unfavorable abnormal grain growth, [34]
I

The objective of this re,arch is to investigate the plausible mechanisms tl'_rougla
O

which a homogenization heat u'eatment improves sintered microstructures. In addition_,

the optimal condition of homogenization heat ueatment and subsequent sintering I:onear

theoretical density for AI203 ceramics wiLlbe examined. To avoid abnormal grain growth

4



in the later stage of two-step sintering, high purity AI203 powder (> 99.99%) is used

throughout this investigation. The sintering behavior of this pure, undoped AI203 powder

is examined to compare with that of 250 ppm MgO-doped AI203.

" 1.2 Objective

It is well known that the driving folr.,e 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 d _ving force for

densificat:,on. The particle size and pore size are found to increase witl,, time (coarsening)

since no shrinkage occurs during surface diffusion processes. Final sintered density and

grain size ate characterized as indications of the effectiveness of a homogenization heat

treatment for sintering AI20 3 ceramics. The characterization of heat treated

microstructures by SEM atld Hg porosimetry was carded 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 AI203 ceramics. The prese.nt approach is to isolate the low temperature

heat treatment as the only process variable by careful ceramic processing techniques.

Submicron, high purity, and narrow particle-size distribution AI203 powder is used as a

model material in this study. Since the high green density of A1203 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
15

effect of homogenization heat treatments on mierosu_ctural evolution.

The combined effect of heat treatment and MgO doping on the microstructure of

sintered AI203 is also of fundamental interest. The effects of heat treatment schedule and

5



sintering scl,.edule (temperature, time, and heating rate) will be major concerns in this

re_.arch.
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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 concentrated on the attainment of high strength and improvement of fracture

toughness. It has been widely accepted that the physical and mechanical properties of

A1203 ceramics are determinedmostly by the microstructure itself. [1-3] Hence, control

of the final microstructure is critical in obtaining desirable mechanical properties. The

most importantvariables controUing the properties of ceramic materialsaregrain 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

O = (5'oe "b p (2-1)

where s is the strength at volume fraction porosity P, So is the strength of nonporous

material and b is an empirical constant ranging from 4 to 7. The det._ndence of strength

on grain size of a brittle polycrystallir_ematerial [1] can be expressed as:

O = k G" a (2-2)
o

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

of a is recognized to be 1/2, i.e., cs = k G" 1/2 for grain sizes in the range of 2 to 300

I.tm.The room temperature strength of A1203is reposed to lie between 100 and 600 MPa

(MN/na2) as the grain size is varied between 2 and 100 gin. [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.

C_= k G "a e -br' (2-3)

In reality the mean value of porosity may not justify the strength of high density

AI203 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:

(_e= _.._K_ (2-4)

where c_fis fracture strength, KIC 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 A1203 ceramics (= 3 - 4 MPa.m 1/2);

therefore the strength is mainly determined by "he 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 grains, second phase, or foreign inclusions. These

, are strongly dependent on the starting powder, processing conditions, and microstructure

of alumina ceramics. In fine-grained A1203 extrinsic flaws induced by surface macbining

,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 conditions and

machining techniques, intrinsic flaws will determine the material strength as grain size is

reduced. Microstructural inhomogeneities such as very large grains, elongated grains,

large pores, and clu' _ers of large pores can act as strength-limiting flaws. [2] lt has been

shown by Rice [3] and Tressler, et al. [5] that large gr,fins act as strength-limiting flaws in

AI203 ceramics. Large grains can fracture by cleavage or along grain boundaries if the

load is high enough. Large grains also can induce twin-nucleated microcracking which

dramatically reduces the strength of A1203 ceramics. [4.]

The lw'gest flaw produces the greatest stregs 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 initiate and

propagate cracks from the pore. Davidge and Tappin [5] found that the maximum grain

size a.nd pore size are approximately equal and that the mean s_ength 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 A1203 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 distribution. [6] The strength of fine-grained A1203

ceramics is determined by the large,st grains present in the sintered bodies if the flaw size

generated by surface finishing is well controlled. 'Ihus, a minimum amount of porosity

and a very f'me grain size are essential for strong ceramics. To approach this goal, the

starting powder has to be very fine (subrnicron) 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 two-step

sintering is found to be effective in reducing the tinal grain size and the broadness of the
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grain size distribution. [7] The homogenization heat treatment is expected to increase the

strength of A1203 ceramics compared to the conventionally sintered ones with grain sizes

in the range of 1 to 2 ktm. The increased strength can be explained by the reduction of

both the average grain size and :he 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 _tm) and fully dense ceramics, high

quality powders should be considered firsL 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 (typically 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

fi_ll 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 den_ 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 dig.tri.bution. The agglomerates can sinter to nearly theoretical density in the

early stages of sintering, but the large pores tormed among agglomerate.s re_luire 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

specimen. The f'mal microstructure evolved after sintering will be uniform which allows

better mechanical properties.

Dr), pressing of fine particles always causes uneven die ft.ling 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 compacts are ejected from the die. Spray drying of fine

powders into large agglomerated freely flowing granules (50 - 150 lam) 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. 'I_e compaction behavior depends on

the 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 tb.e pore size distribution decrease with the compac.tion 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 _at form due to lack of complete plastic

deformation of the agglomerated granules are the main mason i_orthe 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 teclmiques 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 reason 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
p

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., slip

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 practic',d limitations 1o achieve high green density and a unifoma

green microstructure. First, the starting material has to be very fine and free from

agglomerates because tile 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 microstructure (uniform pore size

dist=:_-ution) 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

conditions 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

v

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 frum the reduction of surface free energy. The mass

transport in evaporation/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 F_,/Cis usually obvious at

higher temperatures and, moreover, is sigrdficanfly enhanced for more volatile materials.

The changes in the geometry of pore struc,t_as 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 ana 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
e.

growth rind 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

17

- |_



tends to predominate. [26] 'ro avoid the adverse effects of non-densifying mech_tnisms in

the low temperature range, ,several investigators [27-30] suggest fast firing andtor ultra-

rapid sintering techniques. Fully dense AI20_ ceramics with a fine grain size produced by

fast firing have been reporte,d. [26] The process of fast firing consists of minirrfizing the

time spent in the low temperature range by using a very high heating rate..(> 103 "C/rain.)

and a brief hold (5 - 10 minutes) at high temperature (1850"C for A12037_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 densitfied. The

beneficial effect of the fast firing technique is in producing more fine-grained A120 3

ceramics than does the conventional isothermal sintering method, but the limi_tions 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 vf atoms is an exponential function of temperature. A practica:l sintering

schedule includes a hold at sintering tem_rature for I - 2 hours, depending on the initial

green deasity and microstructure, for complete elimination of porosity, lt is preferable to

sinter the materials at temperatures as low as possible to prevent coarsening. Low

temperature sintering of well-prepared AI20 3 powder compacts (green densil.y ,_ 70 %)

can obtain > 0.99 of theoretical density with a grain size of 0.16 I.tm (isothermally

sintered at 1150°C for 6 h) as reported by Yeh and Sacks. [31] The very fine-grained

AI203 ceramics are attributed to the very fine starting particle size (< 0.1 larn)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 compact of high green density and

uniform packing homogeneity from such fine particles. For an ordina.,T A1203 powder

with a particle size in d_e range of 0.3 - 0.5 la.m,the usual sintefa_g temperatures are from

1450°C to 1650°C. As sintering proceeds, densification and grain growth occur
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simultaneously 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 attached 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 A120 3 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 lx_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 channel 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, et 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 panicle 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 homogenization heat treated samples during subsequent sintering at high

temperature, particularly in the later stages of sintering. Chu, et al., concluded that file

coarsening of interpore spacing by the homogenization heat treatment suppresses high-

temperature coarsening. Two-step sintering of conventional A1203 powder [7] found that

the final 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 redaces the final grain size and increases the uniformity of the grain size

distribution in inhomogeneous A1203 powder compacts.

It is worthwhile studying the mechanism responsible for the microstructural

improvement of homogeneous powder compacts, and applying this technique to AI203

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 detailed microstructural evolution of homogenization

heat treated as well as conventional sample,s during the intermediate stages of sintering is

thoroughly examined to find mechanisms responsible for the microstructure

improvement.

2.4 Pore Structure Change by Itomogenization tleat Treatment

When particles of very different sizes m'e 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 from 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

2

where Ag is the chemical potential gradient between two locations, R I and R2 are the

orthogonal radii of the sink and source, I'_ is the atomic volume, and Ts is the surface

energy. Since the radius of cmwature of the sink (neck) is small and negative ,_lative to

the large and positive radius of the source (particle surface), it is expected that the

kinet(cs uf 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 F_./CwiU

not result in shrinkage of the compact but can only increase strength by increasing eentact

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

For fine-sized A120 3 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 interpanicle neck growth without densification

can be produced by surface diffusion, which has the lowest activation energy of ali types

of transport processes and t'_us dominates at low temperatures. If the isolated pores

resulting from pore channel pinch-off are uniformly distributed and small, the

microsm_ctum of sintered AI203 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 (IJD

> 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. Howe_'er, 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 ph_eh-off of the pore 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 the 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 final 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.
i.

3.1 Starting Materials

3.1.1 Undoped Alumina

To investigate the influence of the homogenization heat treatment on the sintering

of A120 3, a starting material of very high purity with submicron size and narrow size

distribution is essential. [1,2] Commercial high purity o_-A1203 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 5 ppm. The as-received powder

was specified to have an average particle size of 0.18 _lm 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 A1203 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 value 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 A1203 ceramics.

For the elimination of hard agglomerates and aggregates, A1203 powder was

• dispersed in deionized water (18.1 Mfbcm) with nitric acid (HNO3) added to adjust the

pH value to within 3 - 4. Zeta potential (surface charge) measurement of A120 3 particles

in a suspension shows that isoelectric point (1EP) is at pH = 9 where particle surfaces are

neutral. The optimal pH value for a well-dispersed A1203 suspension was determined to

• AK_-50, SumitomoChemicalAmerica,Inc., NewYork,NY.
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lie in the range of 3 - 4. [3,4] A dilute dispersed aqueous suspension of 2 vol% solid

concentration was prepared for the purpose of eliminating agglomerates. An ultrasonic

probe] was applied to the A120 3 suspension for about 10 minutes to break down the soft

agglomerates. The remaining hard agglomerates 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 o_ the
I

principle of liquid phase photo-sedimentation £ with the rotational speed set at 3000 rpm.

Tile 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 I.tm 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 (clef'reed as the ratio d84.1/ds0)

[7].

The dried powder cake was then lightly ground with mortar and pestle. After

passing through a 100 mesh (126 I.tm) 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 inhomogeneities in the dry-pressed samples.

Granulation is a simple 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 I.tmto 100 pm.

These free flowing granules provided uniform pressed compacts during uniaxial die

pressing.

_iModelW-375,HeatSystem-Ultrasonics,Inc.,Farmingdale,NY.
£ ModelCAPA-700,HoribaInstrumentsInc., Irvine,CA.
§§Digisorb2600,MicrometricsInstrumentCorp.,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 Al2# 3, MgO-doped Al2# 3 was subjected to a

. homogenization heat treatment before the sintering step. The MgO-doped material was

produced by mixing Al2# 3 powder with de'ionized water and Mg(NO3)2.6H20§ to

introduce 250 ppm MgO. The slurry was flash dried and prepared using the same

procedure as for the undoped Al2# 3 powders. Calcination of the doped-Al2# 3 was

carried out on powder compacts heated at l'C/mim 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 Al2# 3 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 isostatic 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, to study the effect of the particle packing, green density,

and homogenization heat treatment on microstructural evolution, Al2# 3 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 IndustriesInc.,Gibbstown,NJ.
# Isostaticpress, MaterialsSciencesDivision,LawrenceBerkeleyLaboratory,Berkeley,CA.
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of both conventional and hon, .)genized 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 ibr 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 fraction 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 5:.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 I.tm) decreases the

**ModelC, CarverLaboratoryPress,MenomoneeFalls,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 t?om a weil-

. 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 Pads, 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 east sanaple 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 A120 3 would be significantly

affected by different consolidation techniques as presented by Roosen and Bowen. [ 14]

The reason is that the very large interagglomerate pores, formed by the incomplete

deformation of granules in dry-pressed powder compact, could not be eliminated easily

during sintering. Ali the green compacts were 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.

,i

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 dilatometer*L It was therefore

tt HarropIndustries,Inc.,Columbus,OH.
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determined that 800"C could be used to homogenize the powder compacts f,t_rdifferent

soaking duration (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 AI20 3. 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 conapact was

found to increase about 2%.

3.4 Characterization of P_wder Compacts

To determine the effect of the homogenization heat treatment on the gr_.n

microstructure and pore size distribution, samples were characterized by SEM of fracture

surfaces and by mercury porosimetry_H, respectively. Pore size distributions llbr both

conventional and 800"C/50 h homogenized samples were measured The pore diameter

was determined from the pressure of intrasion by using the Washburn equation and

assuming a contact angl'., of I30 ° and a surface tension of 485 dyn/cm2. The volume

distribution curves were calculated by taking the derivative of volume intruded 'with

t_spect to the pore diameter.

A four-point bending strength test was conducted to reveal the difference in

strength between conventional and homogenized samples. After homogenization heat

treatment at 800°C for 50 h the strength of the powder compacts was significa,ntly

improved compared with the conventionally pre,ceased compacts. The increase in stren_gth

was related to the neck format:_on and growth between particles during heat treatment.

Rectangular testing pieces 7"3x 2.5 x 1.0 mm were prepared by the slip casting meth_3d.

Al,1specimens were heated at l'Clmin, to 400"C for 60 minutes to burn out organics. Ol_e

_I Auto.r_re9220,MicrometricsItts,_.n_metitCorp.,Nort_'oss,GA.
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_t of specimens was homogenization heat treated at 800°C for 50 hours. Specimens were

polished with SiC grinding papers down to 12 I.tm. 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 (ob4) can be calculated from
QP

3 P (L-U)
, _b4 = (3-1)

2wt 2

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 carded 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/rain. The

changes in length of the specimen were monitored by a personal computer and the

relative shrinkage (AL/Lo) of the specimen was calculated, taking into account the

¢¢Model 1122,InstronCorp.,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 deioaized 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/rain. The relative densities as

well as the open and closed porosities of these samples were measured by the Archimedes

method in deionized water.

For MgO-doped AI20 3 samples, sintering was carried out in an Orton

dilatometer** to final temperatures of 1450"C, 1500"C, and 1550"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

homogeni_d as well as conventional samples.

3.5.2 Fast Firing

Fast firing to high temperatures and soaking for vest short periods of time al'e

used to reduce the grain size of AI20 3 .ceramics. [15,16] To investigate whether

homogenization heat treatment still improves microslructure and final density under fast

firing conditions, both conventional and homogenized samples were fast fired. Fast fit-ing

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 10-5 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

,,oModel1600D,Orlon,EdwardJr., CeramicFolmdation,WesterviUe,OH.
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Final relative sintered density was measured by the Archimedes method 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

I.tm. 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)L 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 Igdneties

The densification strain, Ep, is directly related to the axial str'fin, Ez, and radial

strain, F_a.,of the specimen since the shriz_age is nearly isotropic. Densification strain is

then equal to the axial strain, Ez

ep = er = ez = lnI-LI (3-2)
• _Lo!

where LOis 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, pf (measured by the Archimedes method),

. and Lf, the final length of the sample:

" (Lft3 (3-3)
P=Pf'_L!

t ISI-DS 130,ln_rnational ScientificInstnm_entsInc.,Pleasanton,CA.
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Furthermore, the densification strain rate, is the time derivative of densification strain. We

have

= = (3-4)
dt dT dt

dT
where c'_'- = heating rate (4°C/min used for the sintering of undoped A1203 and 5"C/min.

for MgO-doped A1203.).

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.i Microstructure

A homogenization heat treatment at 800"C for 50 hours does not change the

densityof the A1203 powder compacts. Figure4.1 comparesthe unfired fracture surfaces

of the conventional (no heat treatment) and the homogenized samples. There is a sm'til

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 andcorners of the A1203 particlesby heat treatmentat 800,C for

50 hours can be seen clearly. No grain boundaryis 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 mechanism for the formation of necks with grain

boundariesin 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. Unfortunatelythe 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 that very fine

particles are eliminated after the homogenization heat treatment. As a result of the

negligible densification of powder compacts, it is believed that the very fine p',u'ticles

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 si_ distrib,'_fion). 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. Fut_ermore,

the onset temperature for densification of the homogenized samples (= 1000*C) is raised

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 ho.urs 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

4O
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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 A1203

ceramics.

4.1.1.3 Driving Force for Sinteringn

. The critical issues in detenuining 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--_ "1-2---_ (4-1)
G rp

where Y_is the sintering stress, Tbthe free energy of the grain boundary, Tsthe 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 boundary 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 sintering 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, microstructure 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 controlled-

rate sintering have been effective in refining the grain size in A1203 ceramics. However,

the effects of a low temperature heat treatment 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 mode| the effects of sintering variables on microstructural evolution.

However, Whittemore, et al. [6] pointed out that 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 14500C. Shrinkage of the conventional powder compact starts at about
c_

9500C. 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, 9000C/25 h.
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Only the samples homogenized at 1000°C/25 h increase their densities from 0.6i 5:0.01

to 0.64 5:0.01 of 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 gin. 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 gm to 0.0527 gin) 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 homogenizedsamples 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 generaUy 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 attain a high density, uniform microstructure in the

sintered material through an optimal narrow pore size distribution in the green body has e

been demonslxated. [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 _listribution in a powder compact, each pore size r_,.quires a certain temperature

for its elimination. More recently, Roosen and Bowen [14] also point out that low

temperature sintering of A1203 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 A1203 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 produce a homogeneous powder compact with

uniform 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 bet/er 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 colloid'al 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 43.2:1:2.3 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 resist

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
o

local packing variations, nonuniform particle size and packing may cause pronounced

" rearrangement. The regions that densify rapidly will exert tensile stresses on neighboring

slow-densifying regions. If the differential densification is large enough, some pores will

grow rather than shrink. Evans [1.8] 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 evolutiort and

densification rate. The more homogeneous the green microstructure, the less the

undesirable effects of differential densification will be imposed on the fired

microstructure.
ii

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 AI203 powder compacts at 750"C to

900"C. From the study of grain growth in very porous AI203 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 pexticle is not

located between two large particles, but it sits on the surfaces of particles or _nong a few

large particles.

One important feature, concerning densification during the sintering process is that

• e interconnected pore channels gradually he.comes isolated as the density increases with

sintering temperature or dme, The complex nature of the interconnected pore channel

network in re.a_powder compacts makes the modeling of pore channel decay difficult and

unrealistic because of the necessity for modeling the pore channel as an ideal c,y_nder

with a defini_ diameter. The elimination of very fine particles by the homogenization

heat treatment could be interpreted that the extent of pore channel's pinch-off can be

delayed by the enlargement of pore diameter (see Section 4.1.1). As shatering proceeds,

the pore channels decrease irt average diameter. Uniform diameter pore channels are

unstable and can pinch off during _e sintering process. The kinetics of pore channel

pinch-off depend on m,'my 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 larger 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 unifot_ and smaller isolated pores could be generated. As can be

demonstrated later from the densification t_ateof 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 p_wticles 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
o

microstructure of sintered A1203. Particle packing can also affect the pore size mad 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 wifli sm'di 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 the 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-
a

point density and a microstructure with varied grain size will result from such an

inhomogeneous pore size distribution.

By f_tcilitating 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 Did = 6.5. The powder used in this

work (particle size in tile range of 0.01 -- 0.70 I.tm from Figure 2.2) satisfies this

condition.

When the particle array is homogenized at 800"C for 50 hours, the small particles

are unstable owing to the difference in the radius of curvature between large and small

particles. The small AI20 3 particle then disappears by a surface diffusion mechanism. In

addition, neck formation among the large particles will produce a pore having radius of

curvature R = d = 0.1547.D. In conu'ast, 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
,t.

ratio of the radii of the pores in the homogenized and the conventional 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 treaunent has been verified by mercury porosimetry. The median pore diameter

measured has been 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 Homogerfization 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 _e 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 time_s larger than the largest grain in

the homogenized sample. In addition, the presence of a few small grains indicates that
,m

grain size distribution is very wide in the conventional 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 homogenized before

sintering. In both samples, most pores are located at the grain comers. It is rare to find

pores u'apped inside the grains and there is no exaggerated grain growth in either set of

samples. The effect of the hornogenization heat treatment on the grain size is very similar

to the effect of MgO-doping on A1203 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 I.tm for the

conventional sample compared to 1.18 lain to the homogenized sample. There is about a

22% reduction in final average grain size. If a constant sintered density 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 since 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 u'eatment is

not trivial, however the final grain sizes are not very different (1.18 lain vs. 1.52 t.tm). 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
m

reduction in average grain size to increase the flexural strength of fine..grained A1203

ceramics.



The four-point flexural strength of the conventional and the 800°C/50 h

homogenized samples is 540 :t: 156 MPa and 600 :t: 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 I.tm 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 13500C, the conventional samples are more

dense.; for temperatures above 1350°C, the homogenized samples reach higher densities.

As shown in the plot of densification versus temperature, the onset temperature for

densification in the homogenized samples is = 1000oc, which is 50°C higher than the

onset temperature for the conventional samples. Thi:_, 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 sarne sintered density the densification rate is always
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higher for the homogenized samples. The homogenization heat u'eatment 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 rnaximum 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 observed in the homogenized sample; in it no dense regions are faund. The

sintered density of the conventional sample is higher than that of the sample

homogenized at 800"C for 50 h (0.76 + 0.0i vs 0.73 :i: 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 _mple, the

conventional sample has a microstructure typical of differential densification or sintering

damage. The dense regions sun'ounded by some large pores are areas which formed by

differential densification in the early stages of sintering; this behavior results in the

nonuniform microstructure !mthe conventional sample.

After sintering to 13500C, at which temperature both kinds of samples have the

same shatered density of 0.94, the distribution of pole,s is significantly different, as seen in
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Figure 4.10. The conventional sample shows clustering of grains into dense domai_s that

are surrounded by low density regions of large pores, which is typical of pronounced

differential densification. The dense regions are greater than 10 l.tm 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 microstmctures for both kinds of samples

reveals a difference in the formation of dense regions below this temperature. In the

rnicrostructure shown in Figure 4.9(a) (the conventional sample), the formation of closed

porosity is obvious, and this may not be measurable by mercury poroshnetry; 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 microst_actural 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, 13500C, 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 distribution of porosity is more pronounced, as noted

in Figure 4.1 l(b) and 4.1 l(c). When the conventional sample is sintered to 14(X)°C, the
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grain size is increased by about 4 times to reach 0.8 _m. Some large grains (> 2 I.tm)

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 early 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 appears 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 microstructure 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 and Cannon [25], the conditions for the break-

up of the neck between spheres are establii_hed. 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 break-up between partially densified regions

and porous regions will occur if the green state has a significantly heterogeneous

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 in the compacts, the volume of open porosity is slightly

lower for me 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 file 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 occun'ed 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

1 much more rapidly than that of the homogenized samples. 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 f'me-grained A1203 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 A1203 ceramics, slip cast compacts 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 l.tm and it is 1.84 l.tm in the homogenized sample as

seen from Table 4.2. The reductioa_ 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 average grain 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 compacts 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 techniques. The particles can be packed more homogeneously by the slip casting

method if file powder is dispersed well by adjusting the pH value to between 3 and 4. If

this is accomplished, the degree of agglomeration irl 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 conventional samples prepared by slip casting and

isostatic pressing are completely identical. From this observation of the sintering kinetics

' of both kinds of powder compacts, it is again demonstrated that the homogenization heat

treatment is effective for densification 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 casting 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 it"the initial density is higher, In general, the more homogeneous the green

microstructure, the less residual porosity pre.sent. 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 A1203 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 A1203

ceramics.

4.1.6 Optimal Conditions of Homogenization Heat Treatment

From the previous results, the improvement in the microstructure of homogenized
fl

A1203 ceramics sintered at a constant heating rate of 4°C/rain. 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 various 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 determine the influence of the sintering temperature on me average grain
b

size. The homogenization heat treaunent 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 ali 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 ali the homogenized samples. 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 delayed compared to other homogenization

conditions. Moreover, the densification.rate from the data plotted in Figuxe 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 temperature of the maximum
,w

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 optim_! conditions of
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the homogenization heat treatment. Micrographs of polished and thermally etched

su,faces are shown in Figure 4.21 and Figure ,'t.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, the microstructures for the samples

homogenized at 800"C/50 h and 900"C/25 h are more uniform than, in ali other cases.

Very large grains are frequently seen in file conventional samples sintered to 1400°C or

1450°C. Another striking feature of the microstructaare 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 1Lheresult of too

high a temperature for the homogenization heat treatment, which causes some regions to

densify during the treatment. Those dertsified 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 unifoma than that of the',conventionally

sintered s_unple.

As can be summarized from the results, the optimal condition ibr the

homogenization heat treatment appears to be 8004'0./50h or 900"C/25 h when followed by

consuant 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 apl_ars 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 systems, MgO-doped A1203 ceramics were studied.

. MgO doping has been recognized as an effective way to improve the microstructure of

A1203 for over three decades. [26] Abnormal grain growth is fully suppressed and the

average grain size is greatly reduced in MgO-doped A1203 ceramics. The effects of

homogeniz_ttion conditions, sintering schedules, and consolidation techniques are studied

for 250 ppm MgO-doped A1203 ceramics. The sintering behavior of undoped A|203 is

examined to compare with that of 250 ppm MgO.-doped A1203.

4.2.1.1 Constant Heating Rate Sintering

From the previous results of undoped AI203 in section 4.1.1,800°C/50 h appears

to be the optimal homogenization condition for undoped A1203. Therefore, in the case of

MgO-doped A1203, 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 desigrJed to study the influence of densification and coarsening on the

microstructure of MgO-doped A1203 ceramics. From the results given in Table 4.5, the

sintered density is increased by the various 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 A1203 ceramics is smaller then that of undoped

• A1203 ceramics. In addition to the reduction of mean grain size by MgO doping, further

refinement of grain size is obtained by the homogenization heat treatment. However, the

heating rate for the MgO-doped A1203 ceramics is 5°C/min. compared to 4°C/min. for the

undoped A1203 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 A120 3 ceramics and

the same sinlefing conditions are used.

Micrographs showing the conventional and the homogenized samples are

presented in Figure 4.23. Evidently, the mean grain size for the convenlional sample is

larger than those of samples homogenized at different conditions. Moreover, almost no

difference can be fotmd betw_n the^se three homogenized samples. The mean grain size

is reduced about 15 % through the use of the homogenization heat ta_atment, lt is hard to

quantitatively specify any difference in 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 A]20 3 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 A1203 ceramics sintered

conventionally. Coble [27] proposed that MgO doping would increase the densification

rate relative to the grain growth rate __ that the possibility for the formation of abnormal

grain size is reduced. The homogenization heat treatment of the MgO-doped AI203

ceramics is proven to suppress the formation of such elongated plate-like grains and to

result m a uniform microstructure.

4.2.1.2 FaL_tFiring

A fast firing technique was used to study the effect of sintering schedule on the
a,

microstructural difference between the conventional and the homogenized MgO-doped

A1203 samples. Figure 4.24 shows that the difference in the naicrostructures 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/rain. 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 homogenized samples (8000C/50 h

and 800°C/100 h), is significant, lt 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 A1203 cer_maics allows sintered products with a high
B

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 I.tm). It can be realized that grain growth kinetics are vet)'

similar for the conventional and the homogenized samples during soaking at such a high

temperature (17500C even for only 5 minutes). Therefore, the use of fast f'uJng cannot be

considered as a potential technique for the manufacture of fine-grained A1203 (of course,

near full density). However, fast firing of A1203 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 I.tm) A1203 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
,w

4*C/rain. to 1450°C is shown in Table 4.'7. The average grain size is smaIler for the

" homogenized sample than for the conventional sample. There is about a 26 % reduction

in average grain size due to the homogenization heat treatment, lt should be,noted that the

mean grain size in the powder compacts made by slip casting is higher than 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 fomaed by cold isostatic

pressing. The packing of pazlicles 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 arepresented in Figure 4.25. The grain shape in the

homogenized sample is completely equiaxed. Improvement of uniformity in grain size

distribution is clearly observed in the homogelfized sample.

Comparing the results from Table 4.2 and Table 4.7 for undoped and MgO-doped

A1203 ceramics (formed by slip casting) sintered under the same conditions, the mean

grain size is significantly reduced when 250 ppm of MgO is added to A1203 ce,ramies. 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 A1203 is compared with that of MgO-doped A1203 sintered conventionally, the

reduction of grain size is as large as 50 % (2.16 lain 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 A1203 ceramics.

The effects of the homogenization heat treatment and MgO doping on the

densification kinetics of A1203 during sintering can be seen in Figure 4.26. Sintered

density as a function of temperature is plotted for powder compacts formed by slip

casting. Sintering at a constant heating rate of 4*C/rain. to 1450*C gives a density > 0.998

of theoreticM density for ali the ml20 3 sintered bodies. As seen from Figure 4.27, the

densification rates of MgO-doped samples and of ali homogenized samples are higher

than the conventional and undoped A1203 ceramics. The homogenization beat treatment

alone can also increase the densification rate of undoped A1203 ceramics compared to

conventional samples. Evidently, the effect of the homogenization heat treatment is

64

i



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 A1203 _,_ranii,_s

or MgO-doped A1203 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

A1203 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 A1203 ceramics, there is still

controversy about the mechanism by which MgO addition affects microstructural

evolution. Recently, the role of MgO in the sintering of A1203 has been reviewed and

summarized by Benison and Harmer. [26] The most important effect of MgO doping on

the sintering of A1203 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 A1203 ceramics, because the

chemical effects and characterization of Mg0 are still unknown. However the distribution

of MgO in the A1203 matrix is extremely important to achieve homogeneous

densific'ition, lt is found that the distribution of the MgO additive became more

homogeneous if the powder compacts were prefired at 1000 - 1200°C prior to sintering.

[31 ] The effect of the homogenization heat treatment on the microstructure improvement

of MgO-doped A1203 ceramics is believed to be that the distribution of the MgO addition

" becomes more uniform through prolonged heat treatment. The use of the homogenization

heat treatment at 8000C 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

A1203 ceramics than that of those, samples sintered conventionally.
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From the result,,; of the sintering of undoped A1203 and MgO-doped A1203

ceramics presented 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
m

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 fred general applications.
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Chapter 5

Conclusions and Suggestions for Future Work

5.1 Conclusions

,i

A homogenization heat treatment of A1203 powder compacts at 800°C for 50

hours produces a more uniform pore structure and a higher green strength. Pore size o

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 I.tm) and uniform grain size-

distribution, undoped AI20 3 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 A120 3 ceramics homogenized at 800"C/50 h

include a smaller pore size and a moreuniform 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 AI20 3 ceramics. The flexural strength of sintered

A1203 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 AI20 3
,

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 _mperatures 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 sholt or

the temperature for the 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 shorter 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 9000C/25 h.

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

microstructure of A120 3 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 A120 3 ceramics, the homogenization of' powder .,

compacts at 800"C for 50 hours produces a sintered body with a grain size of about 0.80

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

explained that not only MgO doping inhibits the gr'fin growth kinetics of A1203 but also

the homogenization heat treatment improves the pore structure of the A120 3 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 Suggestio_ 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 microstructure, the less a

homogenization 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 affe_ctthe particle packing homogeneity, and hence
r7,3
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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
i

sintering.

51l

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 homoger ization heat treatment on the microstructural evolution

carl be investigated.

4. By combining the MgO-doping and a homogenization heat treatment fine-

grained (= 0.8 l.tm)A1203 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 A1203 ceramics. Therefore, the manufacture of such A1203 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. lt 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

BaTiO3 ceramics by controlling the sintering schedules has been the subject 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 nat'row-sized, agglomerate-free, and
tl

submicron BaTiO3 powder, the effects of the homogenization heat treatment on the

" microstructural evolution during subsequent sintering can be investigated. Application of

two-step sintering to the commercial BaTiO3 powders may have a more substantial

impact on the electronic ceramic industry. Applications to covalent bonded ceramics,



such _ Si3N4, SiC, and B4C, p_:ovide another possibility for gaining a _tter

unde_mndmg of the two-step sintering te.z:_ique.

6. The optimi_tion of the conditions of the homogeni_tion heat treatment with

the aim of shor_ning the duration time of' the h_t _tment for tile purpo_ of inc_ing

productivity would M _pormnt for induswial application.



Tables

Table 4.1 Densities, and mean grain sizes of AI20 3 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.
ii

i i ,i H iv,=ll i I I __ - IIIIII J

San,ple Condition ii Density* iInitial Final Density* Mean Grain Size¢1

Conventional 0.60 + 0.01 0.975 + 0.005 1.52 gm

(No HeatTrealment)

Homogenizext 0.60 :t:0.01 0.996 :t:0.005 1.18 I.tm

<so0"_s0h)..... _ ............
tGreen density is calculated from by dimension and weight.

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

_1More 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/rain to 1450"C in air.

_:c,so-___._._... _._......II_............_......o.6i2....._-....il: _ 'o.9;8......._'"_-i_;-84___-___..... /-1

Table 4,3 Undoped AI20 3 powder compacts formed by slip casting technique were

sintered at a constmat 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 // Green Density Final Density Mean Grain Size

. co.ve,,oo__llo.6_9 o.,_ ,.8o_,.,,
" il ' 0,997800 C/25 h 0.628 1.88 lam

, 8oo°c/5o h !1 , 0.632 1.88_un
I I I ............... I II I . "

75 r

-

_g
.... , ,



Table 4.4 Final densities and mean grain size of A1203 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.

IIII .... , , __ , , 11 ,|11i, i , __ _

Sample Initial Density Final Density Grain Size Grain Size

Conditions (To 1450°C) (To 1400°C) (To 1450"C) °
.......... iI ......... _ J ii ii lr roll i_II i u_

Conventional 0.61 0.993 ] 1.14 gm 2.10 gm
_:i---- ...... "1" ' J_t-- I I'1"'I, I I ' I III ' : I I I I II rl Hl ,1'1 I ' " "±" ,' III Tit T '" DJ:

800"C/25 h 0.61 [ 0.994 I 1.021.tm I 1.761.tmi i fillL IJ lH ]_ i ii i i i i

! I I .....800°C/50 h 0.61 ........ 0.999 ._, 0.89 I.tm 1.71 gm" ;......... T_ " _±_i!,'i i l i i i ili i ..... :::J cijih"h' "

:11 ii t ::.i ' I" II ......

1000°C/25h ] 0.64 ! 0.998 _ 0.931.tru 1.81 gm
..... .m "" " III I i i I IIIII I ---- ....

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

AI203 compacts formed by isostatic pressing at 1380 MPa. Sintering was conducted at a

constant heating rate, of 5°Clmin to 1450°C in air for the conventional and different heat

treatment conditions.

1 IIIIII. I I I II IIIII / ii i ml, 2_ ..... II II 11111111__

Sam_o Co,_i_o,_ /! Final Density il Mean Grain Size l
. ---- . .... lii_U ........ ?=_ ..... ;_777 " - -- .... LI II.. I _Lt _ --_1.. J L LI i IIHI 7: ._ L...... ii_ :::..

Convention'_----_L 0.985 _ ..... " :_-_ 0.911.tm 'L i

8oo'c/5oh // 0.995 n 0.77 .....
I1| i1|

-_ 800°C./100 h |_ 0.993 li 0.86 lam--" ..... __m"___'-"-. - - _ .... :: :::-'" ,, ,........... _L'-_ ....... _ ti

8o0°c/2oo h l! 0.994 _ 0.87 i.tm .....
._ .... ._.t..._.._Lt___.K...._ Jill II lill i mu . . ' '----.LS L_i?--fL- ..... ii . ._



Table 4.6 Comparison of final density and mean grain size of 250 ppm-MgO-doped

A1203 for the conventional and the homogenized samples sintered by fast firing

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

_- iii .... i • _ Iii1' i / i i i iii i t I II ii -_ I 11 I . ! • Ilrl

Sample Condluons il Final Denslt.,y._._...._L - Mean Grain S17._

Convenuonal 1 0.993 i/ 6 15 Ixrn

.........: ::_-- _--ii_oo_,_o, .......=_,.99_.._,.......;4_:m' :........ 9
.....,, ,,8°°°c--/1°°h I_ 9s . __ ,,, , ,6:O31.tm,, -=,

Table 4.7 Densities and mean grain size are compared for the conventional and the

800"C/50 h homogenized samples. MgO-doped A120 3 (250 ppm) powder compacts

formed by slip casting were sintered at a constant heating rate of 4"C/min to 1450"C in

air.

I
.... : " . iiii _ I 1111 _._ lilt . II 7_' .. ..... I I I _ IIII II I

Sam,.,_Cond_t_o._jl"_nat_a_D_n,_Y.....H Fi,-,_D_n,ityHM_anor_nSiz_-- _ :_ ............ llUllalT I...... :: ul........ ll,.!,,. --'i _._!!!IL............ _._=i .......... . -- f"-: ...... :'::_u- .......... :¢

l_800___ ,:_/50hl[ ........... 0.6,19[1__: ,, , 01998 _ .... 1.07 I.tm ,,,,

//



Figure 3.1 The morp['_ologyof AI203 powder after 29 hours sedimentation to remove

agglomerates, The averageparticle size is 0.17 gin.
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Figure 3.2 Particle size distribution of AI20 3 powder measured by the centrifugal

sedimentation method. The size distribution is very narrow.
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Figure 3.3 The morphology of AI203 granules.
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(a)

(b)gO0"ClSOh

Figure 4.1 Scanning electron micrographs of fracture surfaces of unsintered A1203

compacLs. 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 s_ze distribution as a function of pore diameter obtained from

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

sintering).
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Two-dimensional four-sphere model for a small

particle located in the internal pore.

Homogenization Treatment Conventional Sintering

Small particle disappears To the early stage

Pore radius -- R [ R//r = 2,4] Pore radius- r

Figure 4.3 Schematic diagram of two-dimensional four-sphere model with file internal

pore filled by a small particle. Pore radius of the array is varied for different thermal

schedules.
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(a) '
A

(b)S_'C/50 h

Fi| are 4.4 Scanning electron micrographs of polished and thermally etched surfaces of

AI2_)3samples sintered at a heating rate of 4"C/rain. to 14,50"C:(a) conventional savaple,

mean grain size, is 1.52 _tm;(b) 800"C/50 h homogenized, mean grain size is 1r.18I_m.
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, Figure 4.5 Another set of sample,s 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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AKP-50 Alumina 1380 MPa CIP
CHR = 4 C/mln Sintering

loo

l Conventional
95

+ 8000/50h

9O

_ 8s
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Q 8O

_ 75

7O

' '.._ 65

6O

950 1000. 1050 11oo 1150 1200 12s0 13o0 1350 14o0 14so

Temperature (C)

Figure 4.6 Evolution of instantaneous density as a function uf temperature for the -

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

4°C/min. to 1450°C without soaking.
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AKP-50 Alumina 1380 MPa CIP
CHR = 4 C/mln Sintering

0.032

O.O3
B Conventional

0.028

_, 0.026 + 800C/50h
._

E 0.024

0.022

_. 0,02

0.018

0.016
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O 0.014

o 0.012

r.- 0.01
nj

E3 0.008
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Temperature (C)

. Figure 4.7 Plot of densification strain rate versus temperature for the conventional and

the homogenized samples si_'.tered 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 sinte.md density for the.

conventional and the hornogenized sintered in air at a constant, heating rate of 4°C/rain. to i,

1450°C without soaking.
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• Figure 4.9 S,eaxtning electron micrographs of polished and _ermally etched surfaces of

A1203 satnple..sshatere_ at a h_ating rate of 4°C/min. to 1200"C: (a) conventional sample,

pf = 0.76 T.D.; Co)800"C150 h homogenized sample, pf = 0.73 T.D.

89



(b) 800"CJ50h

Figure 4,10 Scanning el_tron micrographs of polished and the,'mally elched surfaces of

A1203 samples sintered at a heating rate of 4"C/rain. 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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(a)

(b) 1300oC

t

• Figure 4.11 Scanning electron micrographs of the conventional samples sintered at a

h,," •constant eaung rate of 4"C/rain, to different final temperatures: (a) 1260°C (b) 1300"C;

(c) 1350"C; (d) 1400°C.
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(c) 1350_

Figure 4.11 (Continued) Scarming electron micmgra[',hs of the conventional samples

sintered at a constant heating rate of 4"C/m in. to different final temperatures' (a) 1260'C;

(b] 13(X)°C;(c)I350°C; (d)140{)"C.
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. Figure 4.12 Scanning electrc>n micrographs of the 800°C/50 h homogenized samples

sintered at a constant heating rate of 4°C/rain. to different final temperatures" (a) 1260°C;

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

(d) 1400q::

t,,

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 h_i_mogenizedsamples sintered at a constant heating rate of 4°C/min.
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Figure 4.14 Variation of clos:d porosity as a function of sintered density for the

conventional and the homogenized samples sintered at a constant heating rate of 4°Clmin.
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Conventional l
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Density

Figure 4.15 Plot of average grain size as a function of sintered density for the

conventional arid 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.
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(a) Conventional

(b) 800"C/50h

Figure 4.16 Scanning electron micrographs of polished anu ,._,mally etched surfaces of

slip cast A1203 samples sintered at a heating rate of 4°C/min. to 1450°C without soaking:

(a) conventional sample, mean brain size is 2.16 lain; (b) 8000C/50 h homogenized, mean

grain size is 1.84 lain.
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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 _'.echniques. Sintering was conducted, for the

conventional and the homogenized samples at a constant heating rate of 4°C/rain. tos

1450°C in air.
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Figure 4.18 Densification rate is plotted as a functio, n of temperate:ire for powder

compacts formed by isostatic pressing and slip casting techniques. Sintering was

conducted for the conventional and the homogenized samples at a constar_t heating rate of

4°C/rain. 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
i

4°C/min,, to 1450°C ha air.
'
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AKP-50 Alumina 1380 MPa CIP
CHR = 4 Ctmin Sintering

0.O32

0.03
•_ I Conventional
E 0.028

_o',,_ + 800C/25 h

• o.o_4 o 800C/50h
'_ 0,022
CE z_ 900C/25h

0,02c
"_ o.ole X 1000C/25h

L_

,_ 0,010

C o.m4
0

"_ 0.O12
O 0,01t i,,=_,

.4:::
f.0 0.008
C

i_ 0.OO4

0.0(72

0
950 1000 1050 1100 1150 1200 1250 _3(X) 13.50 1400 1450

Temperature (C)

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

consta_t bearing rate, of 4°C/min. to 1450°C in ai['.
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(a) Conventional

rb) 800°C/25h

Figure 4.21 Scanning electron micrographs of' polished and thelTnally etched surfaces of

' A1203 compacts sintered at a constant heating rate of 4°C/min. to 1400°C: (a)

conventional sample; (b) 800°C/25 ta homogenized; (c) 800°C/50 la homogenized; (d)

9000C/25 h homogenized; (e) 10(_1°C/25 h homogenized.
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Figure 4.21 (Contirmed) Scanning electron micrographs of polished and them_ally etched

surfaces of A1203 compacts sintered at a constant heating rate of 4°C/rain. to 1400"C: (a)

conventional sample; (b) 8000C/25 h homogenized; (c) 800°C/50 h homogenized; (d)

900"C/25 h homogenized; (e) 1000°C/25 h hornogenized.
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Figure 4.21 (Continued) Scanning electron micrographs of polished and thermally etched

sun_ ::_sof A1203 compacts sintered at a constant heating rate of 4"C/rain.to 1400°C: (a)

convcnraoaal sample; (b) 800"C/25 h homogenized; (c) 800"C/50 h homogenized; (d)

900"C/25 h homogenized; (e) I(XX)"C/25h homogenized.
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(a) Conventional

Figure 4.22 Scanning electron micrographs of polished and thermally etched surfaces of

A1203 compacts sintered at a constant heating rate of 4_C/min. to 1450°C: (a)

' " o 5conventional sample; (b) 800 C/2. h homogenized; (c) 800°C/50 h homogenized; (d)

900°C/25 h homogenized; (e) 1(X)0"C/25lahomogenized.
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(c)800"CJ50 h

(d)900"Cf25h

3 pm

, Figure 4.22 (Continued) Scanning electron rnicrographs of polished and thermally etched

surfaces of A1203compacts sintered at a constant heating rate of 4°C/min. to 1450"C: (a)
¢,

conventional sample; (b) 800°£'/25 h homogenized; (c) 800*C150h homogenized; (d)

900*C/25 h homogenized; (e) 1000°C/25h homogenized.

107



(c)looo' h

Figure 4.22 (Continued) Scanning electron micrographs of polished and thermally etched

surfaces of A1203 compacts sintered at a constant heating rate of 4°C/min. to 1450°C: (a)

conventional sample; (b) 8000C/25 h homogenized; (c) 800°C/50 h homogenized; (d)

900"C/25 h homogenized; (e) 1000°C/25 !1homogenized.
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=(a) Conventional

(b) 800"CI$0 h

" Figure 4.23 Scanning electron mic,rographs of polished and thermally etched surfaces of

, 250 ppm MgO-doped A1203 compacts formed by isostatic pressing. Sintering was

conducted at a constant heating rate of 5°C/rain. to 1450°C: (a) conventional sample; (b)

800°C/50 h homogenized; (c) 800°C/1 O0 h homogenized; (d) 800°C/200 h homogenized.
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(c_ 800°C/100 h

(d) 800"CI200 lh

Figure 4.23 (Continued) Scanning electron micrographs of polished and thermally

etched surfaces of 250 ppm MgO-doped A1203 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 A1203 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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Figure4.24 (Continued) Scanning electron micrographs of polished and thermally etched

surfaces of MgO-doped A1203 samples fast fired in vacuum at a heating rate of

340*C/rain. 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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Figure 4.2,4 (Continued) Scanning electron micrographs of polished and thermally etched

surfaces of MgO-doped A1203 samples fast fired in vacuum at a heating rate of

340"C/rain. to 1750"C and held h_r5 minutes: (a) conventional sample; (b) 800"C/50 h

homogenized; (e) 800"C/100 h homogenized.
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(a) Conventional

(b) 800"C/50 h

Figure 4,25 Scanning electron micrographs of polished and thermally etched surfaces of

250 ppm MgO-dop.ed A1203 compacts f_rmed by isostatic pressing (= 1380 MPa).

Sintering was conducted at a corastant heati,_g rate of 4°C/rnin. to 1450°C in air: (a)

conventional sample, mean grain size. is 1.44 t.tm; (b)800"C/50 h homogenized, mean

grain size is 1.07 _m.
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' Pure vs 250 ppm MgO.Doped Alumina
SHip.Cast,CHR = 4 C/rain Sintering

lO0
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Figure 4.26 Sintered density is plotted as a function of sintering temperature for undoped

and MgO..doped A1203 powder compacts formed by isostatic pressing (= 1380 MPa).

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

heating rate of 4°C/rain. to 1450°C in air.
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Pure vs 250 ppm MgO-Doped Alumina
Slip.Cast, CHR = 4 C/min Sintering
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Figure 4.27 Densification rate is plotted as a function of temperature for undoped and

MgO-doped A1203 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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