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SINTE?ING OF AléO3 POUDER COMPACTS ‘
I.k_DENSIFICATIOH KINETICS AXND MICROSTRUCTURAL EVOLUTION
" D. X. K. Wang and R. M. Fulrath
‘Materials and Molecular Research Division, Lawrtence Berkéley’Laboratory
and Department of Materials Science and Mineral Engineering,
University of California, Berkeley, California 94720
| ABSTRACT
Y constant heatiﬁg fate technique was utilized to study MgO-doped
. 'A1203 pqwder compac;s with'véfiations in green densi;y, Hot stage
.scanning electrdn microscopy was used tobmonitor coﬁtipuously the linear
@;ﬁensibnal ghange of a po@der compact throughdut thgvdensificatibn.
process: at various constant heating rates. -The maximum densification
raté was;found to occur at a»critiéal density which was indgpénden; of
the‘ﬁeating rate as long as the green density remained constant. Micro-
struétural evolution.has been correlated with the densification.rate to
explaiﬁ ﬁhe occurrence of the maximum rate of densif§¢ation._ It was

found that the densification fate, after the achievement of the critical

density, is strongly dependent on porosity.
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INTRODUCTION

“:During the past 30 years, a large.number of studies have beeﬁ madé
in an attempt to pfévide a better general understaunding of the sintering
procéss. Aluminum oxide. has been one of the most widely used materials -
for ‘these investigations. The influence of surface energy as the driv-
ing force for sintering, the importance of diffusion process.for mass
trahsportl, and the role of grain boundaries as vécahcy sinks2 seem well
estéblished for the polycrystalline solid étate systemf Despitg éxten—
‘sivé fesearch activity concerning the theory of sintering, there has
. been little tfanslation‘of theory to practical application. ~Mechanistic
stﬁdieé have rélied heavily on simple models. However, in a real powder
system, particles rarely have reguiar forms, and they are never simply
disfrihuted. In addition, there are fluctuations in density briginating
:from powder . agglomeration and uneven compaction. At this point in time,
it seems unlikely that a precise prediction'of a density~-time-tetiperature
relationship can be aéhieved for the whole course.of the sintering process.
Therefore,.a thorough phenomenological study of the densification kinetics
and:the.miqrostrpctural evolution kinetics, as.well as correlations of
‘tﬁese kinetiqs from the start to the éompletion of the sintering procéss,
is;important!

" have concentrated on the use of

Previous sinteping stﬁdiés
isothermal techniques. A complete analysis of sintering kimctics is
_ uﬂAttainable due to uncertainties involved in thebinitial heating period.
The type of heating program that can be treated analytically and which
approaches practical application is a constant rate of heating. This

work has used a constant heating rate technique to obtain a detailed

analysis of the kinetics of sintering aluminum oxide powder compacts.



-3-

EXPERIMENTAL PROCEDURE
" Two different types of aluminum oxide powders were used in this

study. Most of the work involved the use of autocla#ed high purity

" aluminum oxide which was received in the form of plates with a diameter

of 2 inches and a thickness of 0.125 inch from the General Electric
Company. Compacts were made by cold pressing submicron aluminum oxide
pafﬁicles (O.me); to which 0.1 wt% of Mzg0 and 8 wt% of an organic binder

were . added. These compacts were prefired at 650°C in air for one hour

. to decompose the organic binder. After this treatment, the outer and

dentral portions of the compacts were discarded, and the rest of it was

broken into pieces approximately one centimeter square. Specimens

used for the sintering experiments were then cut and shaped from these

- pieces. This method of specimen preparation minimized the variations

in"ﬁhe,green density caused by any pressure gradients_durihg powder
compaction. All the specimens had a diameter of 0.2 inch and é thick-
ness of 0.125 inch with the same green density of 407 of theoretiéal.
The'green density'waé determined for each piece by. mercury.displaCement.
Union Carbide Llnde-A Al 03 powder (0.3Um) was used to study the
effect of green density on the sinterlng behavior. This powder was

miXed with isopropjl alcohol and appropriate amounts of a polyvinyl

alcohol—saturated water solution and magne51um nitrate in order to yleld

8 wt?% of organic binder and 0 1 wtZ of MgO in the A12 3 powder, respec-
ﬁively. “After mixing, the slurry was dried, screened through a 44um
sievé;_and cold pressed in a steelidie. To obtain.variations_in green
densities, the powder was compacted at various pressurés; but the bulk

specimen volume was kept constant by adjusting the amount of powder used.
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All tﬁetpressed>specimens had apbroximately a 0.2 inch diametér and a
b.l inch'thickness.” The green densities of the specimens‘were detér—
miﬁed after prefiring at 650°C in air for one hour.

| Compacts of different green densities were heated at various rates
ip fhe.hot'stage'scanning électron microscope. Inveach run, the speci-
men was first heated to 800°C, and then the teﬁberature was'increased to
1700°C or higher at a contrqlled rate. The fracﬁioﬂal shrinkage was
deﬁermined using a marker techniques,and the density was éalculatéd by

using the equatioﬁ

n
AL, 3
? 0o/ (1= 7204
= Q-

where p = average density at any time or temperature,

p, = green density of the specimen,

‘~%L- = fractional shrinkage in each measurement after thermal
o

expansion correction at any temperature, and
n = number of measurements at any temperature.
The relative_density value was obtained by dividing this calcﬁlated
value By the thedretical densiﬁy, 3.98 g/cm3.

Cdmpacts used for the microstructure study were heated in the hot
stage at programmed heating cycles to deéired densities and cooled by
queﬁching. A sulfur impregnation technique was used for all low density
samples (K95% theoretical) to preserve the microstructure during
" polishing. Atter being polished, the impregnated sulfur was sublimed,
and the samples were thermally etched in air at temperatures from 1100°C
to 1250°C for various périods of time up to two hqurs depending on the

sample density. Temperature and time were selected to avoid any
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additional microstructural changes induced by excessive firing during
thé:etching process.

: High magnification pictures, from 10,000X to 20,000X, wefe taken
fqr a quantitative study of grain growth. Since high magnification
i picturéé éoyer too small an area to.obtain an aQérage_qgantitative
yaiue, several pictures were taken in differeht areas of eacﬁ sample.
in order to determine an average grain size for porous Sampiés, phqto—
-3graphs.were'placed underneath a transﬁareﬁt pléstic sheet, on which
barallel lines had been drawn. Segments of lines, féfmed by éhe inter-
.ceptions 6f grain edges &ith those parallel lines, weré measuréd indi-
vidually, and 500 to.800 oflthose segments were averagedvtg yiel@ a pre-
liminary.value. This value was then corrected for magnificationvfaqtors

and multiplied by 1.5 to give an average grain size.



RESULTS AND DISCUSSION ‘ ' o

A. Description of the Green State

Pafticles-formgd from a salt solutién may agglomefate at soume
poiht during thgzdecbmpésition - éalcination process.7 If agglomération
dbés not occur during powdef formation, prejcompaction granulation may
céd;e agglomeration'of particles. Granulation is an essential step for
ihcreasing.theipressed density and improving thebhomogeneity of‘fhe
COmﬁact by improving the iuherently‘poor flow propertiéskof fine parti-
"cles: . Since voids tontainéd in a gréén'coﬁbact are determined by ;he
pagking of particles, the presence of aggiomérates‘Will make the pore -
size, location, and distributibn'more‘compiex’thanzassumed ih‘ models;
A ﬁfofound influence would be éxpected on both the rate of sintering__
‘and, more inportantly, the residual porosity.

Scanning,electronvfracfographs of a prefired green compact'at
different'magnificatioﬁs are sﬁown'in Fig. 1. This type of compact,
ﬁaving an initial density of 407 of theoretical, waszused for most of
the present work. ‘As seen in Fig. 1A, égglomerates of about 30um dia-
meter resulted from the granulation operation. The detaiis of paréicle
packing can be_seén in higher magnification photogréphs, Figs. 1B and
C. In addition to' the large agglomerates (granules), Fig. ic shows
‘that there afe numerous small agglomerates formed by several iﬁdividual ' -
particles. These clusters of particles are generally closely packed
and contain very fine pores of nearly uniform size. However, the inter-
ciuster pores are not uniformly distributed in size, shape, and location. -
In the present work, quantitative measurement of pore size distribution

was not made. However, from the photographs, one can see that the pore

i
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size distribution in the compact is probably trimodal. “This is further
~ jllustrated in Fig. 2 where pressaed compact surfaces are shown for tuio

.203 powders.

diféerept types of Al
| As previously illustréted.in’Fig.‘l,.void volume between
vaggiomeratéé is latgefﬂthau'those_withiﬁ and between'clusfers."As
éihfefing p?oceeds,'these void volumes develop inté pores. The pores
 _oiiginating in and between the‘clusgers ére”smali,while”thoSe.originat—
"viné'bétween aéélomerates are large. The flux of lattice vacancies away

- from the}small'pores will be iargervthah that from-the'largerpores,while
théfvplﬁﬁe of material needed to_fillv§he larger pore is gfeatéf;' For
these reésons, large pores will remain much longer than small ones in
a sinte;ed'bqay.

NE'-Cefamugrapﬁic e#éminationvcléarly points to tﬁis'occurrencé; ;Tﬁé_
-first picture in'Fig;'B‘shows a fracture surface of a.greén compact.
vf;Tﬂé‘ﬁext two are the polished surfaces of the:compacts-sintered to 85%

and 90% of theoretical density,.respectively. The middle microstructure
'reﬁealé thét.within_individual agglomefaﬁes sinfering occurs quickly,
whiie a network of coarse pdrOSity between them persists.. The thitd_
v‘pictufe-shqws ghe two.dimensidhal inter—aggloméréte boundary. -Ihis‘
?l%QSCrates that the porés in the corners of égglomerates asbwéll.
"_as'thé pores ip ﬁhe aggloﬁerate boundaries will persist if'early '

' cohesidn is.no; achieved during sintering.Thié ;ésiduél'poroSity is not
"_génerally related to particlé size,.but rather to the t}ﬁevof powder and
‘pbwdér processing. As a result, the term "powder sinterability"” should
not: be determiﬁed by referring only to surface area per Qnit volume of

the powder, but must also take into account the parcicle packing which
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affécts pore size, shape and‘distribution;

| In addition to the presence of agglomerates,-density inhomogeﬁeity
i§ also importént when Aiscussing the effect of green state on the
“siﬁﬁering kinetics; The densitybvariation'caused by dieﬂwall ffiétioﬁ
.during compaction will be referréd to as macro—inhomogenéity;sincg it
wili‘cause anisotropic shrinkage of the compact on a lérgeiséale._'The
typé.of'inhomogeneity caused by the partiglelaggloﬁeratioh will be'reQ
ferred to as micro—inhoﬁégeneity. The presence of.éggloﬁerafes causeé
local variations in poré size énd distributioﬁ, but ia thé aﬁsence of
uneven compaction, these variatiénsvwill be the same everywhere through-
out the éompact,and the sample will not show an anisotropic shrinkage
during sihterino. Since the hot stage scénﬁing electron microscopy
allows the study of l;néar shrinkage of a compact in two aiﬁenéions,
ﬁﬁis EEChﬁique is.able to demonsﬁraie the effect of m;croscépic'hgmo—
-geﬁéity and inhomogeneity upon the linear dimensional change of a powder
compact during sintering. A comparison was made by selectiﬁé one speci-
men near the édgé and another near the center of a two inch diameter
' cbid pressed blate. The one near the edge (W%?) is conéidered to Sé
macrOséépiéail&'inhqmogeneoﬁs,since it was subjected ﬁq-die wali fric-
't16n£' The one near the center (W;S) ié‘conSidered to be macrbscépically
‘homogeneous,sinCe it was subjected to a uniform coﬁpaction preséure.
Results of these two siptéring.runs, in which the samples were heated at
a rate of 4°C/wmin to temperatures of 1350°C (W-5) and 1385°C (W-7), are
shown in Fig. 4. -After reaching the individual temperatu}es,Athe.sambles
were held isothermally. In both curves, every datum point is the aver-

_age of nine individual shrinkage measurements. Sample W-5 showed
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isbt%ppié Shrinkagg with little scatter in tﬁe.data.' The statistical
scattec in the me&sufements for Ww-7 iﬁdicated'thét_this sample shrank'
inhbhogeﬁeously. This is illustrated dramatiéally hy'overlaying'a
Imégﬁified'picture of tne final marker positions on the éicfuré éf'the
_Original positions. Altﬁough the two samples behaved differently ih
sintéring; their mean average Values ofvniﬁe measurements at_ea;h point‘
qoihcide very well. |

'B. Densification Kinetics

Figure_S givesuthe change of>relgtive densiﬁy with temperature fpr

four different heatiﬁg rates using cqmpactévwith a.greeﬁ dénsi;y of 40%
éf thebretical. Two.runs weré made for each héating taﬁe in order to
geﬁérate more acéuratererpe;imental.resultsf' Asvipdicated by”the'curves,
ﬁhé'slower:thé heating rate used, the higher the dénsity é@ any giveﬁ
temperature. By measuring thé tangenf of thevcurvé at.a éiﬁen tempera-
tﬁré and‘by utilizing the equation dT - adt,‘thg densificétionﬂrate;
dp/&t, cén_be'determined for_any particular temperature. The resqlts
arekpresenfed in Figs. 6 and 7. Figure 6 shows that the deﬁsificéfion
fate'increases with temperature to a maximum vélue and then decrease55
Examination of densification rate versus relative density curves’iﬁ Fig.
: 7_réveals that the maximum value occurs aflfhe'éémé felative-density,‘
;bqut 0.73, which is independent of heatihg rgte and temperature. The.
Aifference'in th- vélues of fhe maximum densificaﬁion rate fﬁr different
heating rates is attributed to the diffefence in temperatures atAwhich
the maximum rate occurs, as illusfrated in Fig. 7. The occur?ence of

é maximﬁm densification rate iﬁdicates that there must be microstructural
_changes during the densificétion process which are vita1 to the

densification behavior.
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These changes can be generally divided into threes categories: . (1) o
evolution of grain structure (2) evolution of a.pore phase, and (3) the

chahge of the pore~grain boundary geometry. At this point, it is

¥

‘aééumed’that the major cause for the occufrencevof a maximum
dénéification.rate“at a constant relaﬁive density, independeht of the
hééting rate used, is the distinct change of ‘the pore phaSé: ‘Therefore,
it is expected that the maximum'dénsification rate will shift to a
differeﬁt value of relative density as the green density varies: ‘A
vﬁariatioﬁ in green density will cause a chaﬁge of particlé packing, and,
therefore, will change pore size and pore distribution in the powder
compact. Figure 8 shows that tﬂe occurrence of the ﬁéximﬁm densification
raté shifts toward a lower relative density value as the green denéity
of the compact decreases. Because small pores disappear first, the
"~ smaller number of sméll-pbres in a low green density compact will,
therefore, lead to a lower density before the densifiéatioﬁ rate starts
to decrease.

' Further evidence of the effect of the évolution of pore phase
“on the déhsification raté éan be'obtaiped‘by ekamining.theVdeveloﬁmeﬁt
of microstructure of compacts during sintering. Figure 9 cousists va
six miCrophotogfaphs which weré taken from polished surfaces of -
fired compacté.i The number appearing on the uﬁper left hand cofner - ok
of each photograph represents the value of relative density. It is
apbarént that the avérage bore size increaseé and the number of pores
decreases as density increéSes; As sintering proceeds, the pore size
distribution will gradually shift to a larger average pore size

through the eliminaticn or reduction in size of the small pores.
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Kingary. and Francois working with UO observed an increase in pore

) . . 2°
diémetérwhen the maférialwas annealed long enough at high temperature.
1They proposed éhat pore_gfbwth results from coaleécehce'due'to pore
migfation wﬁich accompanies grain growth. -KuczynSki? argued that pofc
gfoﬁth was caused'by a volume diffusion process (Ostward fipening) by
which iarge pores grow at the expense. of small pores. Howéver,,by
-.ekaﬁ;nihg the shape_and'gebme:ry of.the large pores ipvthé final qicroF
étr&ctﬁre (P%0Q97) in Fig. 9 énd b? traCingbtheir hiétory chk.to the
.lbw'dénsityimicrostructﬁres, it appears that these large pores result
‘di%ettly from the inter- agglomeraté potes in'thg gfeen compact.rather-
than as a result of pore grdwth.

Figure 9 illﬁstrapes a transition region’between 70%- and 80%
reléti?e density in terms of the uniformity of the distributioh of:intér—
péfticig and inter-cluster pores (the inter-agglomerate pores are ex-
'clﬁded from this obserVatidn,sinée the high_magnification used for these
phoﬁogréphs allows coverage of only a few agglomer#tes)} Microst?uctures
_dé&éloped at,or below, the relative density of.7OZ'héve'a fairly uniform
ﬁistribution of pores,éince densificatién to this point is dQe mainly to
reductiqn in size and eliminatioﬁ of inter-particlg poreé and reduction
in_siz¢ éf inter—clpster pores.‘ Miérostfﬁctures déveloped at, or above,
fhe relative density of 807 do not have a‘uniform distribﬁtion of‘pores.
Iﬁ this stage of sintering; densificationvreshlfs mainly frbm a reduc-
vtién in size of intef—cluster and inter;agglomerate pores as Qell.as the
elimination of some inter-cluster pores. A§ described eaflier. there is

a size distribution for inter-cluster pores, and, therefore, after the

elimination of small inter-cluster pores, large inter-cluster pores are
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left‘resulting in a non-uniform porosity distribution. The‘ﬁon—uniform »
distribution of pbres, i.e., the local variation in pore concentration,
ié usually more important.than the range of pore size as far és the rate
,of.agnsificatioﬁ is concerned. Iﬁ is supposed that this local vériation
in ﬁore concentration ana the increase in average pore size are the
reasons that. the densification rate becomes highly‘density debendent.
The 6¢Currence of the maximum'denéification rate at a relative dénsity
ofi732 (Fig. 7) coiﬁcides with the occurrence df a transition state
(bétwéen relétive densities of 70% and 80% in Fig. 9) that dépends on
the pore cﬁncentration and size distribution. |

In addition to the evblution of.pcres, the evolution of.grainv
structure and po;e—grain boundary geometry are also important ﬁo
densification kinetics. - Scanning electron microphotographs taken from .
’polished,’and subsequently etched, surfaces of compacts which were
heated at the same rate of 4.6°C/min from a 40% green density to -
different densities are shown in Fig; 10. 1In order to obtaiﬁ'more
repfesentative piétures, only areas_inéiée agglomerates were selected,
and, therefore, the porés shown in these pictures include 6niy inter—-
pafticle and inter-cluster poreé.- Sevéral features should bé noted:
(1) the grain (ﬁérticle) size increases as dénsity increases, and
cohsiderablé grain growth has occurred even at-the very early stage of
Sintering, (2) all the pores either intersect grain boundaries or are
‘located in four grain corners, depending on the initial particlé
packing, (3) the shape of ﬁhe grains (particles) change as sintering
.proceeds; initially; the particlés appear to be chain-likeA(Figs. 10B

and C), then to be oblong (Fig. 100D), and finally, to be equiaxed



00w o477t i1 47

13-

(Figs. 10E, F, G and H), and (4) tbe lﬁcal variation in porg
cdngéntratién alidws thé growth particleé in the denseltegions_apd
reéﬁlts_in a broader grain sizevdistribution as compared with.that in
thé'iow density microstructures. In accordance with the changes of

particle shape and pore concentration as shown in Fig. 10, a transition

' feg{ons occurs between relative densities of 707 to 75% which again
agrees quite well with the density found for the occurrence of the

maximum densification rate.

i'A.étudy‘of the heating rate éffecﬁ on microstructural evoiutioﬂ is
réq;ired before anybfurther quanﬁitative analysis of the densification
kinétics ié ﬁossible. A plot of grain size vs. density for compacts
with green density of 40%Z of theoretical and doped with 0.1 wtZ MgO is
shown in fig. 11. The grain size remains the same for é.given deﬁsity
i;reséectivé of the héating rate. This relation indicates that, for this

range of heating rates (2.5°C to 9.4°C/min), the evolution of micro-

‘structure is insensitive to heating rate as long as the green density

remains the same. Figure 12 gives the results which were generated from

B

Linde-A A1203 compacts of three different green densities sintered at

the same heating rate (4.6°C/min). Previous measurements by'Lay'and

- . .10 . . . . . '
Greskovich using an isothermal sintering technique are also plotted

in Fig. 12 to compare with the present results. Agreement is good until

 the curves start to bend upward. This agreement further shows the grain

size - density relationship is independent of heating rate and
temperature, as long as the green density of the compact is kept constant.
Figures 11 and 12 also illustrate that the grain size and density are

linearly related until a particular density is reached.
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The density at wbicﬁ the linearity ends varies with green density. The
déhSities at thevbeﬁding points are aéproximately 75% of thebreﬁical for
the curve shown in Fig. 11 and 65%, 757% and /8% for green densities.of
32%, 38% and 48% of theoretical, respectively, in Fig. 12. These vaiues
aré'abéut the same values that have been observed in Figs. 7 aad 8 as the
densities at which the maximum densification réte occurs. After the
critical denéity is reached, locél variation invpore concentration is
developed,énd, consequently, grain growth in denser iegiqns is_no lonéer
retérded by the~presencé of pares. This is the reason for the upward
curve in the relationship between grain size and relatiyé density after
4 .
the critical density is reached.

At a givén density,,ﬁhe microstructural featufes (such as grain
siée, pore size, pore shape, and pore-grain boundary geometry) are
assuﬁed (based on the quantitative and quantitative evidence presented)
:ovbe fixed during the sintering process, independent of heating rate
Qsed. The rate of the densification process can then be described by

'@he_following eﬁpiricallequaEiOn regardless of the detailed mechaunisms
and the_ﬁicrostructural evolution with change of density.

dp _ Kexp(- RT) P .
dt kT : : (2) .

C . dp : ' '
where-g; and P are densification rate and fractional porosity (P = 1-p) +
at any temperature, respectively. Q is the apparent activation energy
for the densification process, n and K are conétants; R is the gas .con-

stant, k is the Boltzmann constant, and T is the sintering temperature

(°K) at which g%~and P are determined. Therefore, a plot of &n T g£ vs.

dt

¥-w1th relative density, p, kept coustant should give a straight line,
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if the apparent activation energy does not change during the densification

pfocess. In Fig: 13 four values of ZnTg%

(one for each heating rate) at
four temperatures are plotted frém a reléti§e»density of 507 to 982.'

f.The ;pparent activation'énergy calculated from the slopes gives two
ValQes: For densities bel@w 55% of theoretical, the‘activation_energy
ié appr6ximate1y 90'Kca1/mole, while for densities above SSZ,Vthe activa--
tioﬁ eneréy is approximately 150 Kcal/mole. The 1qw value of 90 Kcal/mole
is about the same value (93 Kcal/mole) détermiﬁed for thé initial stage

s . 5 . s '
sintering by the present authors on the same material. The high value

0f 150 Kcal/mole determined in the preseht work agrees vefy well with
the values of 153 Kcal/mole and 150 Kcal/mole reported by Coblé3 and
Brﬁcha, respectively. The deviation of points with high heating rates

at densities of 95.5% and 977 is attributed to the larger average grain -

size as compared to those obtained at lo&er heating rates.

| The observétion of a single-valued apparent activation energy for
the'whole d¢nsification process,_eﬁcept for thé initial stage, suggests
thaﬁ a single diffusion mechanism or a combination of mechanisms with
the sameractivation enérgy predominates over the ehtire‘teﬁperatpre
range. |

By assﬁming a volume diffusion(mechanism and by assuming the

interior geometry §f thé compact to be tepfeseﬁted by]a-system'of uni-
f&tm cylindriqal'pores éifuated on all the edgeé of pblyhedra of uniform
siie, Coblell derived an equation to predict the time~dependehcé for
inﬁermediaté.stage'sintering. Based on‘his aSSumptioﬁs, the equation

is correct,if it is presented in the form of
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do NDvyﬂ |
dc - 3 ‘ (3
27kT

. do . . Lo . : ' : . s
where E%-ls the densification rate at absolute temperature T, N 1is a
numerical factor naviag. the value of 335, Dv_ls the volume diffusion
coefficient, y is the surface energy,  is the volume of a vacancy, ¥

is the edge length of the grain, and k is the Boltzmann constant. Since

Q

Dv’? Doexp(— RT

) and & % G, the equation becomes, after rearrangement,

%%-G3T ND vQ
= ﬁ = constant . (4)

exp(- )

In order to check the applicability of Coble's equation to the
present results, simultaneous measurements of densification rétg and
gfain.size at théir cérresponding temperature were made. Using the
value éf lSkacal/mole as the apparent activation energy, Q, the values
for the left hand side of equation (4) were calculated and pibtted
against pérosity in Fig. 14; As shown in Fig. 14, Coble's equation for
sintering kineticsvﬁolds up to a density of 70% of theoretical (30%
porosity). The linear relationship between porosities of 30% and 5% can
be explained by the interéependence of densificatioﬁ and grain growth |
kinetics which will‘be discussed in ParFFII. Because the occﬁrrencé of_
thé breaking point (70% relative demsity in Fig. 14) agrees well with
the critical density value observed in Fig. 7, the inapplicability of
Coble's equation can, therefdre, be e%plained in terms of the local
~variation in pofe concentration. The reduction in the totai number of

pores and the increase of the average pore size after the critical
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dehsity is achieved were not téken into account in Coble's equation.

The values of the.diffusion coeiricients, Dv, for.cdmpac;s of
diffevent green densities and powdsrs are calculated from their sinter-
ing' kinetics befq:e the achievenment of their'corresponding critical den-
' ' | -23

sities using equation (3) (with v = 1,000 erg/cm2 and @ = 1.4 x 10

éms). These values are shown in Fig. 15 along with Coble's result. The

_activation energy calculated from these results is the same value, 150

Kcal/mdlé, determined in Fig. 13 for shrinkage of pores only.
The reason for the discrepancy observed in diffusion coefficients

for different green density compacts may be attributed to the difference

“in their microstructures.  The ratio (number of grains between small

- pores to pore spacing) is assumed to be higher for loh'green density

compacts thgn for high green density compacts, because a higher total
numbef of_émall pores are present in the high green density compact. If
the densification for this stage résults from shrinkage of small pores,
then the ratio of effective diffusion path length to the grain size is
higher forvloy green density compact than for high gréen density com-
pact. Therefore, this will change the calculated diffusioh coefficient,

if G is considered to be the grain size instead of the effective diffu-

sion path length.
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CONCLUSTONS

The particle packing and the resultant porosity distribution in a
greenbcompac; has a very important effect on micrestructural development
éﬁd‘sintering kinetics. The term "powder sinterability" should, there-
fore, not only be determined by referring to the Surfacé area per unit
volume- of the powder, but azlso must take into account the pafticle pack-
ing which affects pore size, shape, and distribution.

The maximum aensificafion rate was found to occur at an initial
density which was indepeﬁdént of the heating rate as long as the green
density remained constant. This critical density shifts toward a lower
value as the green density of the‘compacﬁ decreases.

The activation energy for the shrinkage of pores was'detérmiﬁed to
bé 150 Kcal/mole which agrees well with preyious reports on the same
material. vSimultanébus measurements of densification rate and grain
size have shown that Coble's sintering equation is not applicable after
the critical density is reached. The pbrosity dependence of the densi-
ficatibn rate after the achievement 6f.the cfitical denéity has been
-atﬁributea to the deéfease-in totai number of pores and thé increase in
éverage,pofe size as densification proceedé.
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FIGURE CAPTIONS

Scanning electron fractograph of prefivred G.  E. Al O3 powder compact

with a green density of 40% of theoretical taken at three different

" magnifications.

Seanning'eiectronfmierographs taken from pressed compact surfaces
(A and C, G. E. powder; B and D, Union Carbide powder).
Evolution of inter-agglomerate porosity at different dagrees of

sintering for G. E. Al powder compact. Top to bottom: Green

3
compact (40 ), 85%, and 90% relative density.

Effect of macroscopic green density inhomogeneity on sintering
behavior.

The relative ded31ty of 0.1 wtZ Mg0O- doped G E Al,0, powder

273

compact as a fuqctlon of temperature for four constant heatlno rates.

‘The densification rate of MgO-doped G E. Al2 3 powder compacts as

a function of temperature.

2 3 powder compacts as

a functlon-of'relatlve ‘density.

. Dens1f1catlon rate vs. relatlve density for MgO- doped A12 3 powder

compacts with various green densities heated at a constant rate of

4.6° C/mln.

2 3 (40% green

density) powder*compacts sintered at a rate of 4;6°C/min. The-

nomber appearing on the upper left hand corner of each photograph

represents the value of relative density.
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12.

13.

14.

15.
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Evolution of the microstructure of MgO-doped G. E. Al-203 (407
green density) sintered at a constant rate of 4.6°C/min. The
number appearing'oﬁ the upper left hand corner of each ﬁhotograph
represents the vaiue of'relaﬁive density.

Grain size vs: relative denéity for 0.1 wt% MgO-doped G. E. AlZO3
powder compacts.(40Z green demnsity) héaﬁed at three rates.

Grain size vs. relative density for 0.1 wt% MgO-doped and undoped
Uniqn Carbide A1203'powder compacts with different g%een densities
héated at a rate of 4.6°C/min. Isothermal data (Réf. 23) is

presented for comparison.

1nT (dp/dt vs.-% for 0.1 wt?%Z MgO-doped G. E. A120 powder éompacts

with a 407 green densityAheated at four. rates.

(dp/dt)G T/exp (- ﬁ%_vs. porosity, P, plot using Cobie's
intermediate stage sintering equafion (Ref. 12) for Mg0~doped G. E.
A1203 bowder compacts.
Diffusion coefficients calculated from sintering data, using Coble's

equation, with Coble's sintering result.
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