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Abstract

A model of early-stage sintering for polyhedral particles is examined with a highly sinterable Al2O3 powder. Combining of the

initial and intermediate stages based on the model concerned describes quantitatively its sintering data such as power dependence of
time and reduction in a speci®c surface area. Valid estimations of a model and/or mechanisms of sintering necessitate the accurate
measurement of both shrinkage versus sintering time and speci®c surface area versus shrinkage. # 1999 Elsevier Science Ltd and

Techna S.r.l. All rights reserved.
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1. Introduction

Conventional powder processing [1,2] has generally
produced ceramics powders with hard agglomerates,
which have well grown necks, a kind of face contacts
between particles. Usual sintering models [3±5] for the
initial stage, on the other hand, assume essentially a
point or a line contact for necks before sintering begins.
The di�erence in geometry between a real neck and a
model neck has caused serious controversies [6,7] for the
kinetic studies of the initial stage. Severe criticisms also
resulted from various phenomena such as (1) appreci-
able reduction [8,9] in the surface area of a powder
compact at a relatively low temperature, (2) a di�erent
densi®cation rate [10] from a micro-region to another
micro-region in a powder compact, (3) degassing [11] of
adsorbed molecules from the surfaces of particles at a
sintering temperature, etc.
Recent development of powder processing technologies,

however, has brought about well-sinterable powders for
both oxide [12,13] and non-oxide [14] ceramics. Such
powders usually consist of very soft agglomerates or
quasi-monodispersed particles, and so the green compact
of them has negligibly grown necks. The necks con-
cerned, thus, consist of the model neck of the initial
stage at the geometrical point of view, avoiding one of

the aforesaid controversies. Furthermore, a sinterable
Al2O3 powder [15] is, in particular, favorable to the
kinetic study of sintering for the following reasons; (i)
well sinterability of a highly pure Al2O3 powder with no
additive; (ii) the low reactivity against various gasses;
(iii) the large particle size of a usual raw Al2O3 powder
(several 100 nm), which is nearly 10 times as large as
those (several 10 nm) of other refractory oxides powders
such as MgO, Y2O3, Y2O3-doped ZrO2, etc. The prop-
erty of (i) suggests a slight in¯uence of impurities on the
sintering of such an Al2O3 powder. The characters of (ii)
and (iii), on the other hand, indicate not only a small
amount of adsorbed gasses on the raw Al2O3 powder
but also a large density of its green compact. The pre-
sent powder, for example, reduced its weight only by 0.1
wt% even after ®ring at 1100�C. Its green density, also,
was larger than 59% of theoretical, which is near to the
random closest density [16], 63%, for ball bearings,
equal sized spheres. Such a large density suggested a few
micro-regions in which particles are packed loosely, and
new particle-to-particle contacts rarely occurred during
sintering. Furthermore, recent surface area measure-
ment [17] showed negligible neck growth for the present
sample before practical densi®cation occurred. Since,
thereby, the present sample ruled out most of the origins
for the aforesaid controversies, its sintering behaviors
were examined with a sintering model for polyhedral
particles (Part I) [18].
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2. Experimental procedures

A purchased Al2O3 powder (AKP-20, Sumitomo
Chem. Co. Ltd., Osaka, Japan and major impurities of
Si=15, Na=3, Ma=3, Cu <1 and Fe=8 in ppm by
weight) was already ball-milled in the half-way of the
fabrication process in its supplier to collapse agglomer-
ates of primary particles. The powder concerned was
suspended in ethyl alcohol, heated to dryness at 70�C
and calcined at 800�C for 2 h in ¯owing O2. The result-
ing powder was formed into disks under a pressure of 30
MPa and then hydrostatically pressed at 200 MPa.
The shape of particles in the powder was observed by

transmission electron microscopy (TEM)(JEM-2000EX,
JEOL Co., Tokyo, Japan). Shrinkage of the powder
compacts, �L, was measured with a thermo-mechanical
analyzer, TMA (TMA-1700, Rigaku Co., Tokyo,
Japan) during constant-rate heating (CRH). A heating
rate of 30�C/min to approximately 50�C/min was chosen
for isothermal heating (IH), up to a given temperature, at
which the disk was held for a given time, and then
quenched down to room temperature. The density of
the green compact, �s, and those of isothermally sintered
compacts, �d, were calculated from dimensions and
weights. The fractured surfaces were observed by scanning
electron microscopy (SEM) (S-5000, HITACHI Co.,
Tokyo, Japan), and an average radius,Rse, was calculated
on the basis of about 250 grains. The speci®c surface areas
of both the powder compact, Sps, and sintered compacts,
Sp, were determined by the BET method with nitrogen
at ÿ196�C using an automatic surface area analyzer
(Model 4201, Beta Scienti®c Co., Long Island, U.S.A.).
A pressure for compaction increased contact areas

between particles in the green compact, creating a mea-
surable relation between Sps and applied pressure. The
areas of grown necks in hard agglomerates, however,
seemed to be unchanged irrespective of an applied
pressure. Such grown necks do not contribute to
decrease of the Sps value by pressing, disturbing valid
estimation of the aforesaid relation. Water sedimenta-
tion was, then, applied to the purchased powder to
eliminate such agglomerates.

3. Results

Fig. 1A shows that the majority of the starting parti-
cles have both round edges (e1,e2, - -) and slightly
curved or ¯at surfaces (f1, f2, - -). An enlarged TEM
microphotograph of Fig. 1B shows no clear facet on a
smoothly curved edge. Fig. 1C, on the other hand,
shows steps (s1, s2, - -) on a slightly curved surface. The
�s, Rse, and Sps, values of the green compact pressed at
200 MPa were 59.2% of theoretical, 160 nm and 4.7 m/g,
respectively. Fig. 2 shows typical fractographs of (A) the
green compact of the calcined powder, (B) the compact

sintered at 1225�C for 960 min, and (C) the green com-
pact of the sedimented powder. Fig. 3 shows the CRH
shrinkage curves of the present sample, which give 1/
3.8±1/5.2 for the time exponent, 1/n, of kinetic equations
of sintering. The activation energy for densi®cation fell
from 1020kJ/mol at about �L=0.3% to 500 kJ/mol
above �L=2%. Fig. 4 shows the isothermal shrinkage
curves, with slopes of 1/4 to approximately 1/6, which
equal the 1/n values. Densi®cation of the sedimented
powder occurred at a temperature region lower than
that of the calcined powder. There was, however, slight
di�erence in sintering character, both the E and the n
values, between those powders. Fig. 5 shows negligible
grain growth in the region from �L=0 to =4.1%. The

Fig. 1. TEMmicrographs of Al2O3 powder. (A) round edges (e1, e2, - -)

and slightly curve or ¯at surfaces (f1, f2, - -), (B) a smoothly curved

edge with no clear facet and (C) steps (s1, s2, - -) on a slightly curved

face.
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Sp value in Fig. 6 decreased rapidly in the early stage of
sintering until �L of 1.5%, followed by almost a linear
variation later. Fig. 7 shows that increase of a compac-
tion pressure resulted in no negligible decrease in the Sps

value for the sedimented powder. The data concerned,
then, indicated increasing contact areas between parti-
cles in the powder compact.

4. Discussion

There are many kinds of alumina [19] such as amor-
phous, Z-, g-, w-, a- Al2O3. The a-type is the most
stable crystal structure because the others transform to
a-Al2O3 at a temperature higher than about 1000�C. To

avoid the non-uniform densi®cation due to the transfor-
mation, a raw alumina powder has been usually calcined
at about 1200�C, which is appreciably higher than those
of other refractory oxide powders. The former powder is
markedly larger in size than the latter ones in general.
Herring [20] estimated the di�erence, ��, in the che-

mical potentials of atoms between beneath a curved
neck and a ¯at surface as

�� � 


1

r1
ÿ 1

r2

� �
�1�

where r1 and r2 are the principal radii of curvature of
the neck, 
 is the surface free energy, and 
 is atomic

Fig. 2. Typical fractographs of (A) the green compact, (B) a compact

sintered at 1225�C for 960 min, �L=6.8%, and (C) the green compact

of sedimented particles.

Fig. 3. Experimental CRH shrinkage of Al 2O 3 compacts as a func-

tion of a reverse temperature.

Fig. 4. Isothermal time dependence of shrinkage of Al2O3 compacts at

1075, 1095, 1135 and 1225�C. The solid lines were calculated from

Eqs. (2)±(5). Dots were experimentally obtained.
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volume. Eq. (1) indicates that a clean-cut edge has the
much higher �� than the neighboring places because of
its very small radius of positive curvature of the surface.
To reduce the high chemical potential, the round edges
in Fig. 1 appeared instead of the clean-cut edges in the
present powder. High resolution TEM [21,22], on the
other hand, sometimes showed many facets on a curved
surface instead of a smoothly curved surface. Facets are
¯at surfaces, which apparently contrast with curved
surfaces in geometric character. Eq. (1) was, however,
derived under the condition that increase of the surface

free energy by increasing a small hump of volume is just
compensated by decrease of the Helmholtz free energy.
Its derivation required no condition for the array of
atoms on the surface. If, then, a number of facets is so
large that there are many facets on the aforesaid small
hump, Eq. (1) can evaluate the average chemical poten-
tial of atoms on such a surface.
The present particles were so large that it was di�cult

to observe thoroughly, atomic arrays on the round sur-
faces of the edges by TEM. Steps on the slightly curved
surface, however, can be observed in Fig. 1C, proving
the ®ne resolution on the present TEM observation.
Even if, then, the round edge consisted of facets, the
smooth curvature of the edge concerned indicated neg-
ligibly smaller sizes of facets than those of the edge. The
radii of curvature of neck surfaces were, also, estimated
to be appreciably larger than those of the facets on
them. These evaluations suggest that Eq. (1) can
approximate to the chemical potential of atoms at the
neck surfaces.
Wul� construction [23], on the other hand, suggests

¯at polyhedral faces for a crystalline particle. The par-
ticle shapes in Fig. 1, therefore, must be governed by
both this condition and Eq. (1). The areas of the round
edges are very small in comparison with those of the ¯at
or slightly curved surfaces. The present particles were
closer in shape to the polyhedral particles assumed in
Part I [18] than to spherical particles.
Mobility of atoms abruptly increases with elevating a

®ring temperature, and, thus, the highest temperature
governs both the size and the shape of particles in general.
The SP value must change slightly till a ®ring temperature
is elevated near to the calcination temperature. The pre-
sent SP value [17] appreciably decreased even in a low
temperature region like 700±1100�C. Such reduction has
usually been explained with neck growth by the surface

Fig. 5. Grain growth and a number ratio of necks, CI, of the initial

stage remaining in a sintered compact to all the starting contacts in the

green compact. Lines a and b show the values of CI and grain sizes

based on the present model, and lines c and d show those based on

Coble's model [5], respectively. Dots were experimentally obtained.

Fig. 6. A speci®c surface area as a function of shrinkage. Line a is

obtained from Eq. (7). Lines b, c and d are calculated based on Ban-

nister's model [25] (Fig. 1B in Part I) and the usual model (Fig. 1A [5]

in Part I and the convex surface model [30]), respectively.

Fig. 7. Decrease of a speci®c surface area by an applied pressure. Dots

were experimentally obtained.
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di�usion mechanism [8,9]. Compaction increases a
coordination number among particles, that is, a number
of necks. If the usual explanation had been valid, the SP

value would have decreased more quickly for a powder
compact with many necks than for the loose powder
with relatively fewer necks during ®ring. The present
experimental data showed a slight di�erence in the SP

value between the loose powder and the powder com-
pact at a lower temperature than 950�C. Inconsistency
of the experimental data with the usual explanation
suggested negligible neck growth in such a temperature
range. The following three successive phenomena [17]
were considered; (1) ball-milling after calcining at about
1200�C produced not only particles with rough surfaces
but also small ¯akes; (2) reduction in SP occurred initi-
ally through both smoothing of the rough surfaces and
disappearance of the small ¯akes up to 950�C and then
(3) proceeded along with noticeable densi®cation due to
neck growth from 950�C. Since the calcination tem-
perature (�1200�C) was markedly higher than 950�C,
the concurrent phenomena, the reduction in SP and
simultaneous densi®cation, may be attributable to the
thermodynamically unstable geometry, point or line
contacts formed by compaction of the powder. The
particles with such contacts have a large surface area
considering the volume of them. The excess surface free
energy due to the large surface enhanced neck growth at
the contacts even at the aforesaid low temperature.
Reported models [3±5,24±27] for initial-stage sintering

describe neck growth with a unique angle � between
faces of particles forming the neck. Dispersed � values,
however, must be expected for necks between poly-
hedral particles in a powder compact. Necks with a
smaller � value grow quickly in comparison with those
with a larger � value in general. Geometrical change of
necks between the initial and the intermediate stage
occurs gradually from necks with a smaller � value to
those with a larger one during densi®cation. The initial
stage and the intermediate stage, thus, combine in such
a sintering system. The theoretical study of Part I [18]
gave the number ratio, CI, of necks of the initial stage
remaining in a sintered compact to all of the starting
line contacts in the green compact as

CI � 30ÿ �i
30

�2�

where �i is the critical angle of � at which the neck geo-
metry changes from the initial to the intermediate stage.
The CI value calculated from Eq. (2) is shown by the
long dashed line, a, in Fig. 5.
SEM fractographs in Fig. 2 show many particles par-

tially covered (a1, b1 - -) by other neighboring particles
(a2, b2 - -). Since the measured radii of the particles were
smaller than the actual values accordingly, the average
radius of particles, R, for the powder was estimated from
the relation of R � 3=�tSps, where �t is the theoretical

density. The present variation of �d was relatively nar-
row between 59.2 and 76, suggesting slight change in
packing geometry of particles. It was assumed that the
aforesaid covering of particles reduced the mean radius
of particles, Rm, by the same degree irrespective of den-
si®cation. If this is the case, the ratio of Rs/Rg estimates
a relative degree of grain growth during sintering with a
small error, where Rs and Rg are, respectively, Rse for a
sintered compact and the green compact. The Rm value,
then, was estimated from Rm � RsR=Rg.
Densi®cation proceeds together with grain growth in

the intermediate stage in general. A previous study [28]
related the degree of grain growth to that of densi®cation

log
Rj

R

� �
� KG log� �j�1ÿ �i�

�i�1ÿ �j�� �3�

where KG is a constant (=0.259) dependent on the grain
size distribution, �j is the relative density of a micro-
region, and Rj is a mean radius of particles in the
microregions of the density �j where the intermediate
stage began at the density of �i. Eq (3) indicates that
when the intermediate stage starts at a lower �i value,
that is, at an earlier stage, the larger Rj value results. As
mentioned before, the starting density, �i, increases with
increase of the �i value. The Rm value [18] for a sintered
compact is, then, calculated from

Rm � R 1ÿ 6�i

�

� �
� 6R

�

��i

0

�j�1ÿ �i�
�i�1ÿ �j�
� �KG

d� �4�

The ®rst and the second terms in the right-hand side
of this equation evaluate the contribution of particles to
the Rm value still in the initial stage and already in the
intermediate stage, respectively. Line b in Fig. 5 shows
the calculated Rm value, which increased by 5% of the R
value during densi®cation to �L=6%.
Both CRH and IH sintering data in Figs. 3 and 4

show about 3.8 to approximately 6 for the n value. The
n=4 value can be explained both by Bannister's models
[25] and our model (Part I) [18] for sintering controlled
by grain-boundary di�usion. Furthermore, a sintering
equation based on the latter model

�L3d��L� �
R

Rj

� �3� �i

0

d�

rp
�
��=5
�i

d�

���=6
0

d�

�

KddT

R4
�5�

or

�L4�"
j ÿ�L4�"

i � Kd�tj ÿ ti�=R4 �50�

explains well the increase of the n value with increasing
the microregions of the intermediate-stage, where �Li

and �Lj are, respectively, shrinkages at time ti and tj, Kd
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is a constant, rp is the radius of the curvature of a pore
surface, and superior " is an exponent correction at sin-
tering time, tj. Since ti equals zero for a green compact,
the �Li value for ti=0 means the e�ective shrinkage of
the green compact with grown necks.
No exact Kd value has been reported, and thus a suitable

one was assumed on calculation of Eq. (5) for the grain-
boundary di�usion mechanism. The solid lines in Fig. 4
show the calculated values, which exactly describe the pre-
sent isothermal shrinkage curves in it, except at 1070�C.
The measured data listed in Fig. 7 indicate that Sp

decreased by 2.44% when the powder was pressed at
200 MPa. If the reduction in Sp is caused by sintering,
Fig. 6 indicates the �Li value of 0.1% for 2.44% of Sp.
The present theory, however, mathematically estimates
3 for the apparent exponent, n0, with conditions
�Lj=0.4%, �Li=0.1% and n=4. This value is smaller
than the experimental n0(=3.8) one. Artz [29] suggested
a di�erence between the neck geometries caused by
compaction (� � 0) and by sintering (� � y). Eq. (1)
indicates that �� at � � 0 is much lower than that at
� � y. The shrinkage rate is, therefore, faster for the
case of � � 0 than that of � � y even if contact areas,
that is, the apparent �Li values are equal in both the
cases. An e�ective �Li value for densi®cation in the
green compact thus was smaller than the apparent �Li

value (0.1%) estimated from the aforesaid reduction of
Sp. �Li <0.1% means n0 >3.0. The exact �Li value for
a given Sp value cannot be estimated, because few data
are available for neck geometry formed by pressure on a
powder compact; but the experimental value of n0=3.8
(>3) qualitatively agrees with that the e�ective �Li

value was smaller than 0.1%. The term of �Li in Eq.
(5') was, therefore, practically negligible for the present
sample and �Ln=Kdt/R

4. From this equation, the time
exponent, 1/n, is estimated as

n � �dt=t�=�d�L=�L� �6�

Eq. (6) de®nes the n value as the reverse of a tangent
of the solid lines in Fig. 4. Fig. 8 shows the calculated n
value varying with �L. Increase in the n value from 4 to
6 means rapid decrease of a shrinkage rate as compared
with the constant case of n=4. The high purity of the
present Al2O3 powder suggests negligible segregation of
impurities in grain boundary layers irrespective of the
sintering stage. This means that the widths of di�usion
®elds were unchanged for enhanced di�usion of the
atoms in the aforesaid layers during sintering. The
transformation of neck geometries from the initial to
the intermediate stage of sintering, on the other hand,
results in a marked decrease of the driving force from

=� of the initial stage to 
=rp of the intermediate stage
because of a large inequality, � << rp. This marked
decrease of the driving force was a major origin for the
aforesaid rapid reduction of a densi®cation rate.

Fig. 8 also shows a decrease of the theoretical n value
from �L=6.75%, that is, reducing deceleration of a
shrinkage rate during sintering. This tendency is
explained by the two characteristics of densi®cation in
the intermediate stage. One of them is that neck growth
is slower in the intermediate stage than in the initial
stage Ð distances between di�usion sources and di�u-
sion sinks increase in proportion to neck growth. The
other is that the curvatures of neck surfaces decrease in
initial-stage sintering, and the driving forces quickly
decrease with sintering. Whereas densi®cation in the
intermediate stage essentially decreases pore sizes,
increasing the driving forces.
The plots in Fig. 8 were experimentally estimated with

the CRH shrinkage data in Fig. 3, showing the apparent
di�erence between the theoretical (solid) line and the
experimental data for �L=0.3 and =1%. This di�er-
ence well accords with the isothermal sintering data of
Fig. 4, which deviated at 1070�C from the theoretically
calculated values shown with the solid line. The solid
line in Fig. 8, on the other hand, describes quantitatively
the experimental n value from �L=2 to 6%, despite the
appearance of many necks with intermediate-stage geo-
metries (see Fig. 5). The closely ®tted values in this wide
range of �L are attributed to that necks in the initial
stage e�ectively governed the present sintering in such a
wide range of �L. This is because the driving force, 
=�,
of the initial stage is markedly larger than that, 
=rp, of
the intermediate stage, and the actual driving force is
proportional to the number of necks in the initial stages,
that is, the CI value de®ned by Eq. (2).
If, on the other hand, the CI value becomes negligibly

small, the distributions of grain sizes and pore sizes have
relatively appreciable in¯uence on the e�ective driving
force for densi®cation. Both Figs. 6 and 8 show the cal-
culated values deviating from the experimental data
above �L=6%. These deviations suggest slight in¯uence
of necks in the initial stage on the actual densi®cation,

Fig. 8. Change of the n value during progressing of sintering. Dots

were experimentally obtained from the data of CRH sintering and the

solid line was theoretically calculated from Eq. (5).
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which should be thereby described by a single sintering
model for the intermediate stage.
As mentioned earlier, the appreciable reduction of the

Sp value occurred initially from 5.35 to 4.70 M2/g both
by smoothing of rough surfaces and disappearance of
peculiarly small particles, followed by contribution of
neck growth to the reduction concerned. The latter data
consist with the data in Fig. 6, in which the Sp value
reduced from 4.70 M2/g together with shrinkage of the
powder compact. Part I [18] of the present study eval-
uated a speci®c surface area, Sp, as

Sp �M 1ÿ 3�i

�

� �
kcR

2 ÿ 3ncM

�

��=6
�i

sid�

� 3ncM

�

��i

0

R

Ri

� �
3Smd�

�7�

where the M value is the number of particles per unit
weight for the powder compact, kc is the shape factor
related to the total area (surface areas plus interfacial
areas) characteristics to the particles, si is a reducing
area per a neck by neck growth in the initial stage of
sintering. The ®rst and the second terms in the right-
hand side of Eq. (7) estimate the sum of the total areas
of particles and the integration of areas, si, in the initial
stage, respectively. The last term in it concerns the total
of the pore surface areas, Sm, in the intermediate stage.
kcR

2M naturally equals the speci®c surface area of the
powder. After rough surfaces become the ¯at ones, the
kc value is a constant. The Sm value was estimated in a
previous paper [28] as

Sm � ks1rp ÿ ks2rpRi �8�

where ks1 and ks2 are constants.
For the regular close packing of equal-size spheres;

i.e. either hexagonal or face-enter-cubic packing, �s

equals 0.74 of theoretical; the nc value for this packing
equals 12. These �s and nc values are larger than those
for random packing. Scott [16] reported �s � 0:63 and
nc � 9:3� 0:8 for random close packing. Our previous
study [28] proposed bimodal array for the packing of
the present particles; a simple cubic array, nc=6, for
most of the particles; and a dodecahedral array, nc=12,
for the balance. Since the �s�� 59:2%� value of the
present green compact was less than 0.63, nc was
roughly estimated as 7. The value of kc was estimated as
12�� 4��. The values of ks1(=1.77), ksv(=2.173) and rp,
on the other hand, were estimated according to our
sintering model [28] for the intermediate stage. The solid
line, a, in Fig. 6 shows the Sp calculated from Eqs. (7)
and (8) with these estimated values, closely ®tting the
measured Sp values, especially in the range �L=0±6%.
Curve b in Fig. 6, on the other hand, was based on the
pyramid-plate model of Bannister [25], assuming n=9

and a dihedral angle of 150�. The convex curve of var-
iation of b is in contrast to the concave one for the
experimental data.
Similar calculations were also made for spherical

particles, with a particle size distribution assumed equal
to that reported previously [28]. Line c in Fig. 5 shows
an abrupt change from the initial to the intermediate
stage for this case, indicating fewer necks of the inter-
mediate stage in the range from �L=0% to approxi-
mately 4.5% than line a of the present model. This
di�erence results in slower grain growth of the spherical
particles (line d, Fig. 5) than that of the polyhedral
particles (line b, Fig. 5). The measured Rm values, dots,
in this ®gure were closer to line d than to line b. Varia-
tion of the Rm value in this ®gure was only 5% of Rm up
to shrinkage of �L=6%. Furthermore, an error of
several per cent must be considered for measurement of
an average particle size with SEM fractographs. The
data of grain growth, then, produced poor information
to evaluate which, sphere or polyhedron, is valid as the
particle shapes of the present particles.
Line c in Fig. 6, on the other hand, shows Sp for a

sintered compact of the spherical particles with concave
neck surface, as calculated with nc=12 and using the
grain growth data (line d, Fig. 5). A rapid decrease in Sp

from �L=3.5 to 5% is attributed to an abrupt change
in the neck geometry from the initial to the intermediate
stage. Despite the large nc value, the calculated Sp

values are appreciably larger than the experimental
values in the range �L=0% to approximately 4%. Fig. 6
furthermore shows that the Sp values of variation c are
smaller than those of variation d similarly calculated for
spherical particles with convex neck surface [30]. If the
dispersion of particle sizes is relatively narrow, n >12 is
hardly obtained, which suggests that the present particles
cannot be replaced by spherical ones regardless of the
curvature of neck surfaces. This conclusion is in accor-
dance with the shrinkage data of n=4 to approximately 6.
The distinct lines in Fig. 6 indicate that a sintering

model is very sensitive to the relation between Sp versus
�L; measuring this relationship thus can e�ectively
describe a sintering model. Part I [18] of the present
study, however, indicates that such measurement is
ine�ective for determining the predominant mechanism,
which, on the other hand, can easily be accomplished
using the relationship of �L versus time. The mechan-
ism revealed, however, is misleading for n=3, because
two possibilities exist Ð i.e. the volume-di�usion
mechanism for the present model [18] and Bannister's
[25] and the grain-boundary di�usion mechanism for
the usual models [4,5,26]. Measurement of both the
relations, �L versus time and Sp versus �L, are thus
necessary to produce a reasonable sintering model and
to identify a predominant mechanism.
Naturally, shapes of particles were not unique even in

the present powder. Furthermore, the edge of a particle
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contacts the face of a neighboring particle at an as-yet
unde®ned position, such as the center or side. Close ®t
between the theoretical and the experimental data,
however, supports the fundamental validity of the pre-
sent sintering model.

5. Conclusions

The sintering data of a highly sinterable Al2O3 pow-
der were quantitatively described with the sintering
model proposed in Part I, and the following conclusions
were obtained.

1. Grain-boundary di�usion contributes pre-
dominantly to densi®cation of the present powder.

2. When both the combination of the initial and
intermediate stages and the grain-boundary di�u-
sion mechanism are predominant, the inverse
power dependence of time increases from 4±6 in
the range �L=2±6%.

3. Appreciable number of necks with very low �
values induces abrupt decrease in speci®c surface
area until �L=1.5%.
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