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Abstract

A highly sinterable A12O3 powder and its powder compact are simultaneously ®red up to a given temperature at a constant rate
of heating. The speci®c surface areas, Sp, of them decrease appreciably from 700�C, but there is a slight di�erence in the Sp value

between them in the low temperature region from 700 to 950�C. This similarity suggests both slight neck growth and reduction of
the Sp values through not only smoothing of rough surfaces but also disappearance of peculiarly small particles. Above 950�C, on
the other hand, appreciable neck growth results in more rapid decrease of the Sp value for the powder compact than for the powder.
These explanations are well consistent with other empirical data, both variations of shrinkage curves and the particle size dis-

tributions by preliminary ®ring. # 1999 Elsevier Science Limited and Techna S.r.l. All rights reserved
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1. Introduction

Classical sintering theories [1±8] have produced the
®ve sintering mechanisms, surface di�usion [2,4], evap-
oration±condensation [2±4], grain-boundary di�usion
[5,6] volume di�usion [2±6], and ¯ow [1,3]. The surface
di�usion mechanism and the evaporation±condensation
mechanism in them cause only neck growth between
particles. The other mechanisms, on the other hand,
bring about not only neck growth but also shrinkage
between particles. Densi®cation of a powder compact,
thus, occurs in the case where the latter mechanisms
operate.

Ashby [9] summarized the accumulated information
on sintering of metals in his sintering diagrams.
According to these diagrams, the surface di�usion
mechanism is predominant in a relatively lower
temperature region in comparison with not only the
volume di�usion mechanism but also the grain-
boundary di�usion mechanism. This relation must also
be probable for sintering of ceramics. Gray [10], for
example, reported that the rate controlling step of
zinc oxide changes from di�usion in surface zone in
the low temperature region to such steps as lattice

or complex di�usion and viscous-¯ow mechanism
about the Tammann temperature. Prochazka and
Coble [11], also explained appreciable decrease of sur-
face area of alumina above 700 to 800�C with the sur-
face di�usion mechanism. This explanation consists
with reported data that considerable densi®cation of
alumina [12±14] has occurred usually above 1000�C.
German and Munir [15] dealt with sintering by the
surface di�usion mechanism in both the cases of ceramics
and powder metallurgy in detail. Recent densi®cation
data [16] for a sinterable A12O3 powder, however, sug-
gested negligible neck growth prior to beginning of
shrinkage. The present study traced an origin for these
controversial data.

2. Kinetic equations for reduction in surface area

Notation �S designates a speci®c surface area reduc-
tion in per cent from the starting one, So. That is, So

equals the sum of Sp and the product of �S and So

where Sp is a speci®c surface area of a ®red sample. A
di�erential kinetic equation [15] in respect to �S is
given as

�Smÿ1d�S � KO exp
E

RT

� �
dt �1�
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in general, where m is a constant characterized by the
model of surface area reduction, E is an activation
energy for the mass transfer, RT has the usual meaning
and t is a firing time. When a single mechanism is
predominant, not only m and E but also factor Ko are
constants. If plural mechanisms of mass transfer
concurrently contribute to surface area reduction, the
values of them change during the reduction process
concerned. If this is the case, the calculation of Eq. (1) is
very difficult. Then, to simplify the problem, a single
mechanism is assumed in the present study (assumption
(1)). The variables, �S and t, in Eq. (1) are separated
into its left-hand side and right-hand side, respectively.
This separation allows the independent integration of each
side. Integrating the left-hand side of Eq. (1) results in

�sj
si

�Smÿ1d�S � ��Sm
j ÿ�Sm

i �=m �2�

where �Si and �Sj are the gross values of reduction in
Sp at the initial time, ti, and the ®nal time, tj, respec-
tively. In a usual reducing model of surface area, �Si

equals zero at the beginning geometry de®ned by the
model concerned. If the powder or the powder compact
has already a geometry on the way of the surface
reduction process before ®ring, �Si has a considerable
value. Thus, �Sj equals the sum of �Si and �S or �Sj=
�Si+�S,where �S is an apparent decrease of Sp during
®ring.

If m is an integer, Taylor's expansion [17] of function
F(�Sj)=(�Si+�S)m results in F(�Sj)=F(�Si)+F0(�Si)
�S/1 !+F 00 (�Si) �S2/2 ! ±, and then

�Sm
j ÿ�Sm

i � m�Smÿ1
i �S�m�mÿ 1�

2
�Smÿ2

i �S2

�m�Si�Smÿ1 ��Sm

�3�
An empirical study has usually ignored the second term,
�Si

m, in the left hand side of Eq. (3), and used the term
of �Sm' instead of �Sj

mÿ�Si
m, where m0 is an apparent

exponent neglecting the e�ect of the �Si value. If
�Si<<�S (�Sj _�: �S), this neglect is practically valid,
and the m0 value can approximate to the m value.

If �Si has a considerable value against the aforesaid
assumption, the condition of �S<<�Si is surely
satis®ed at the beginning of a ®ring process. For such a
case, �S/�Si >> (�S/�Si)

2 >> - - >> (�S/�Si)
m.

The right-hand side of Eq. (3), thus, can approximate to
the ®rst term, m�Si

mÿ1�S; and then the m0 value nearly
equals unity. The �S value increases during ®ring,
approaching initially to the �Si value. After the former
gets the latter, the relation between them is turned and
�Si<�S. Further ®ring must result in the relation,

�Si<<�S, ®nally. According to Eq. (3), the variation
of the relation concerned means change of the m0 value
from 1 to m during ®ring.

For isothermal heating, the right-hand side of Eq. (1)
has only the variable, t. Integration of this side results in

�tj
ti

Ko exp�ÿ E

RT
�dt � Ko exp�ÿ E

RT
��tj ÿ ti� �4�

For a constant rate of heating (CRH), T is directly
proportional to t andT=Hct, where Hc is a heating rate.
Though the relation between T and t is simple, the
algebraic integration of exp(-E/RT) is impossible.
Woolfry and Bannister [18], then, estimated the inte-
gration concerned as

Ko

�tj
ti

exp�ÿ E

RT
�dt � KoR

HcE
�T2

j exp� E
RTj
� ÿ T2

i exp� E
RTi
��

�5�

where Ti is the starting temperature and Tj is the highest
temperature, respectively. The integration of Eq. (5) is
valid only in the case where both the values of Ko and E
are constants. A predominant mechanism, then, must
keep in the temperature range between Ti and Tj. Since
the value of exp(ÿE/RT) abruptly increases with ele-
vating the ®ring temperature, the Tj

2 exp(ÿE/RTj) value
is enormously larger than the Ti

2exp(ÿE/RTi,) value in
general. When the value of Ti

2exp(ÿE/RTi) is neglected,
combining Eqs. (3) and (5) results in

�Sm
j
0 � KoR

HcE
T 2

j exp�ÿ E

RTj
� �6�

The term of Tj
2exp(ÿE/RTj) has a unique value for a

given temperature irrespective of a heating rate, Hc. If
the Sp value at a temperature, T1, for the heating rate of
H1 equals that at a temperature, T2, for the heating rate
of H2, the equation, T1

2exp(ÿE/RT1)/H1, = T2
2exp(ÿE/

RT2) /H2, is derived from Eq. (6). After general loga-
rithms are taken for both the sides of this equation,
factor E and the rest factors are separated into both the
sides of an equation as

E � Rln�H2T
2
1=H1T

2
2�=�1=T1 ÿ 1=T2� �7�

This equation evaluates the activation energy, E. Eq. (6),
on the other hand, is rearranged in respect to both the
factor of Tj and the rest factors as Tj

2exp(ÿE/RTj)=�
Sj

m0HcE/KoR. This equation produces equality
�S1

m0H1=�S2
m0H2 in the case where ®ring temperatures
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are equal between the two di�erent heating schedules of
H1 and H2. The m

0 value is evaluated from this equality
as

m0 � log�H2=H1�=log��S1=�S2� �8�

where �S1 and �S2 are �S for the heating rates of H1

and H2, respectively.

3. Experimental

3.1. Sample Preparation

A purchased alumina 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 dispersed in ethyl alcohol for 20min
with an ultrasonic agitator. The resulting dispersion
was stirred at about 70�C by a magnetic stirrer with a
heat element to evaporate the ethyl alcohol. The dried
powder was calcined at 500�C for 2 h, lightly crushed
with an alumina mortar and an alumina pestle, and
then sieved on weighting sheets to collect particles with
size less than 170 mesh. The resulting powder was
divided into four parts to make four kinds of samples,
A to D.

A: The ®rst part of the divided powders was pressed
in 12-mm die at 20MPa, and hydrostatically pressed at
200MPa. The dimensions of the powder compacts were
11mm in diameter and 5mm long. One of these powder
compacts was put into a high alumina boat, set in a
furnace, and ®red up to a given temperature at a heating
rate of 1.1, 3.3, 10 or 60�Cmin in ¯owing O2 gas. Just
after getting a given temperature, the sample was cooled
down at the same rate as the rising.

B: In both the cases of the heating rates of 1.1 and
60 �C minÿ1, a small amount, about l g, of the sieved
powder was put by the aforesaid powder compact in the
alumina boat, and ®red along with it.

The notation of a type, PQR, represents not only
the type of the samples, A and B, but also the ®ring con-
ditions. The ®rst letter, P, of this notation designates the
type of the samples, and thus letter P is replaced by A for
type A or B for type B in the actual notation.

Letter Q in PQR is the numeral designating a heating
rate, and the used numeral is 1 for 1.1�C minÿ1, 2 for
3.3 �C minÿ1, 3 for 10�C minÿ1 and 4 for 60�C minÿ1.
Letter R in PQR is replaced by the numeral designating
the maximum temperature; the used numeral is 1 for
700�C, 2 for 780�C, 3 for 820�C, 4 for 860�C, 5 for
910�C, 6 for 960�C, 7 for 1000�C, and 8 for 1100�C.
Notation B24, for example, indicates that the sample is
type B, the heating rate is 3.3�C minÿ1, and the max-
imum temperature is 860�C.

C: With the third part, powder compacts were made

by the same method as sample A was done. One of the
resulting powder compacts was ®red isothermally at
800, 900 or 1000�C for 2 h in ¯owing O2 gas. The
dimensions of both the green and the ®red powder
compacts were measured with a micrometer. Samples
A to C were mainly used for measurement of the Sp

value.
D: With the last part, powder compacts were made in

6-mm die and hydrostatically pressed. The pressures for
both pelletting and hydrostatic pressing equalled those
for sample A, respectively. The resulting dimensions of
the powder compacts were 5.5mm in diameter and
5mm long. One of the powder compacts was pre-®red
by the same conditions as sample C was done, and then
examined its sintering behaviour.

Letter S of notation type, ST, is replaced, respectively,
by letter C or D to designate sample C or D; subscript T
indicates a pre-®ring temperature. Notation C800, for
example, indicates that the type of a sample is C and the
pre-®ring temperature is 800�C. The green compact of
type D was exceptionally designated as D25.

3.2. Observation of the particle shapes by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM)

The shapes of particles were observed by SEM (S-
5000, Hitachi Co., Tokyo) and by TEM (JEM-2000EX,
JEOL Co., Tokyo).

3.3. Sp measurement

The sample of type A or C was broken on a steel
block with a steel rod and sieved to collect particles
having radii 170 to 1000 mm.The Sp values of not only
these broken particles but also powder B were measured
two times by BET method with N2 gas at ÿ196�C using
an automatic surface area analyser (Model 4201, Beta
Scienti®c Co., Long Island, N.Y.). Di�erence in the Sp

value between the ®rst and the second runs was less than
1% for most samples. If the di�erence concerned
exceeded 1%, further Sp measurement was done several
times. Both the largest and the smallest Sp values were
excluded from calculating the average of the measured
Sp values.

3.4. Particle size distribution (PSD) measurement

To evaluate a degree of neck growth roughly, the
samples of both type A, the powder, and type B, the
powder compact, were crushed with an alumina mortar
and an alumina pestle for 10 min, respectively. After the
crushed pieces were dispersed ultrasonically in 0.1wt%
sodium hexametaphosphate aqueous solution for 10
min, their PSD was measured by laser di�raction and
scattering method (Type 1064, Cilas,Marcoussis, France).
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3.5. Sintering during a constant rate of heating (CRH)

The powder compact of type D was ®red at the heat-
ing rate of 3.3�C minÿ1 up to 1500�C, and the shrinkage
of it was measured with a thermomechanical analyser,
TMA (TMA-1700, Rigaku Co., Tokyo). After mea-
sured the shrinkage, the dimensions of the ®red compact
were measured with a micrometer.

4. Results

The green density, rS0, of types A, C and D was
59.2% of theoretical. TEM micrographs in Fig. 1 show
both (A) a smooth surface and (B) a rough surface of
the sieved particles. The frequency of the rough surfaces
was not so smaller than that of the smooth ones. Fig. 2
shows the SEM micrographs of (A) the sieved powder,
(B) A14, (C) B14 and (D) A18. The sieved powder in
Fig. 2(A) had (a) very small ¯akes as well as (b) particles
with rough faces. Rising a ®ring temperature resulted in
not only disappearance of the small ¯akes but also
smoothing the particle surfaces. The arrows in Fig. 2(D)
also show the relics of grown necks between particles.

The Sp value of the sieved powder equated 5.46
M2 gÿ1. Pelletting and/or ®ring at 500�C for 2 h induced
slight reduction of surface area to 5.35 M2 gÿ1. The

latter value was used as the starting speci®c surface
area, So. Fig. 3 shows the relation between the �S value
of sample A vs a ®ring temperature for the four heating
rates. The relations concerned were characterized by the
two regions, namely the lower temperature region
between 700 and 820�C, and the higher temperature
region from 820�C. The values of m0 and E were 4.1 and
970 kJmolÿ1 for the former region, and 7.2 and 550
kJmolÿ1 for the latter region, respectively. Fig. 4 shows
the Sp values of both samples A and B as a function of
®ring temperature. There was a small di�erence in the
Sp value between samples A and B up to 950�C at both
the heating rates of 1.1 and 60�Cminÿ1. Above 950�C,
the powder compact, type A, had a smaller Sp value
than the powder, type B. The di�erence in the Sp value
between types A and B became large with rising tem-
perature, especially for the slow heating rate of
1.1�Cminÿ1.

Pre-®ring for 2 h reduced noticeably the Sp value of
type C by 11% of So for pre-®red temperature of 800�C,
by 16% for 900�C, and by 23% for 1000�C. The same
®ring conditions, on the other hand, resulted in a slight
shrinkage of type D by 0.05% for 800�C, by 0.06% for
900�C and by 0.96% for 1000�C. Similar shrinkages
were measured between the diameter and the height of
the pre-®red compact. The CRH shrinkage curves in
Fig. 5 show that the pre-®ring at a relatively low tem-
perature like 800�C and 900�C reduced an apparent
shrinkage, �L (=� Ljÿ�Li), only in the low tempera-
ture region up to 1150�C. Such reduction, however,
extended to the whole temperature region for D1000.
After the CRH measurement, a similar shrinkage was
detected between the diameter and the height of a sin-
tered compact irrespective of pre®ring temperature.

Fig. 6 shows that the volume of particles with radii
larger than 2 mm was negligibly small in the sieved
powder, of which the PSD was close to that of B14. The
PSDs of A14 and B18 had small amounts (2 to 3 vol%)
of relatively large particles in the range between radii 10
to 20 mm. The PSD of A18, on the other hand, showed
trimodal distributions from 0.1�2 mm, 2�30 mm and
30�70 mm.

5. Discussion

Calcining a mother salt usually resulted in agglomer-
ates of primary particles in which necks had grown
appreciably. If this is the case, and if only neck growth
causes reduction of Sp, Eq. (3) indicates that the m0

value nearly equals unity in the lower �S region. Fig. 3,
however, indicates the apparently large m0 value (= 4)
even from �S = 0.1%. This evaluation suggests three
possibilities: the ®rst of them was that necks grew neg-
ligibly among particles in the starting powder. The neck
growth resulted in reducing the Sp value. The secondFig. 1. TEM micrographs: (A) ¯at surface and (B) rough surface.
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possibility is opposite to the ®rst case, that is, necks had
grown in agglomerates. The decrease of the Sp value,
then, was caused predominantly by neck growth
between particles on the neighboring circumferences of
the agglomerates. Such necks, however, were very few in
the necks of the powder compact, and thus explaining
hardly the appreciable decrease of the Sp value, 20% of
So, from 700 to 950�C in Fig. 4. The last possibility is
the reduction of Sp without neck growth between parti-
cles, that is, smoothing the rough surfaces of particles or
selected disappearance of peculiarly small particles.

Reported simulation experiments [19,20] have eval-
uated a coordination number, nc among particles in a
loose powder as 2 to 4. A powder compact with
r=59%, on the other hand, has the nc, value [21] of 7 to
9. If neck growth causes reduction of the Sp value,
increase of the nc value causes more rapid decrease of
the Sp value for the powder compact than for the pow-
der.This evaluation well explained the experimental Sp

values from 950�C in Fig. 4, in which the Sp value
decreased more quickly for the powder compact than
for the powder. Furthermore, the relics of neck growth
were observed in the microstructure of A18. Slight neck
growth, on the other hand, was indicated in the lower
temperature region from 700 to 950�C because of the
close Sp values between the powder compact and the
powder, ruling out the ®rst possibility. It was already

Fig. 2. SEM micrographs: (A) sieved powder which had small ¯akes, a, and particles with rough surfaces, b, (B) A14, (C) B14 and (D) A18. A18

had grown necks indicated by arrows.

Fig. 3. Reducing the speci®c surface area as a function of ®ring tem-

perature for four heating rates. The dots are the �S values of PQR (P:

A, Q: 1 to 4 and R: 1 to 8). The m0 value approximated to the m value

because of its value appreciably larger than unity.
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veri®ed that the second possibility was small; and then the
third possibility was most plausible for the present
experiment.This conclusion is supported by the micro-
structures (A) to (D) in Fig. 2. As can be seen there,
during ®ring from 700 to 1100�C, not only small ¯akes
disappeared, but also the rough surfaces became smooth.

The present powder was ball-milled on the half way
of the fabrication process in its supplier. It seems rea-
sonable that the ball-milling induced complicated stres-
ses on the powder, generating not only small ¯akes but
also rough particle surfaces. Such stresses were so com-
plicated that di�cult description must be done for the
geometry of the rough surfaces concerned, which was
drawn tentatively with simple hemispherical hillocks
and valleys of radius rs. The surface area of the hillocks
and valleys equals 2�rs

2. The base area of them, on the
other hand, equals �rs

2. The ratio of the former area to
the latter area equals 2 irrespective of size of the hillocks
and valleys concerned. This constant value indicates
that even if the hillocks and valleys are negligibly smal-
ler in size than the particles, the Sp value of particles
with the rough surfaces decreases to half of the initial
one through smoothing the roughness.

The distance of di�usion, x, can be estimated roughly
as x � kd

������
Dt
p

where D is the self-di�usion coe�cient,
and kd is a constant. While a neck radius increases to x,
the rough surfaces become smooth by the mass transfer
between the hillocks and the valleys with radius x/2. If x
equals one tenth of the particle size Ð if the volume
di�usion and/or the grain-boundary di�usion mechanism
is predominant, this neck growth causes a negligible
shrinkage of �L = 0.25% Ð the surface area of a par-
ticle decreases by about 0.2% per neck for the sphere±

sphere models [2±4], and about 0.3% for the line con-
tact model [22]. The nc value was estimated as 7 to 12
for a powder compact. The neck growth in a powder
compact, then, reduces the Sp value by 1.5 to 2.4% of
So. for the usual models and 2.1 to 3.6% for the line
contact model. If the x value is less than one tenth of the
particle size, reducing the Sp value by neck growth is
more slight than the foregoing estimation. This relation
is in contrast with the constant reduction of about 50%
by smoothing rough surfaces. Fig. 1(B) shows that the
hillocks and valleys concerned are less in size than one
twentieth of the particle. It was no wonder that since the

Fig. 6. Variation of particle size distributions (PSD) by preliminary

®ring.

Fig. 5. Relation between apparent shrinkage, �L, and temperature.

The gross shrinkages, �Lj, of D800 and D900 were described with the

�L value of D25 from �L = 0.1%. The �Lj value of D1000, on the

other hand, was nearly constant below 1100�C.

Fig. 4. Relation between Sp and ®ring temperature for samples A

(powder compact) and sample B (powder). The dots are the Sp value

of PQR (P: A and B, Q: 1 or 4 and R: 1 to 8).

188 T. Ikegami et al./Ceramics International 25 (1999) 183±190



hillocks and valleys concerned were very small,
smoothing of the rough surfaces occurred along with
negligible shrinkage at a lower temperature like 700�C.

An activation energy is usually smaller in the lower
temperature region than in the higher temperature one,
in contrast with the data in Fig. 3. It was di�cult to
verify an origin for the present unusual data because of
limited knowledge on the conditions of the surfaces.

The PSD of A14 in Fig. 6 was similar to that of the
sieved powder except a small amount (2 to 3 vol%) of
particles with radii from 10 to 20 mm. This similarity
suggests that contacts or necks among primary particles
were so weak that most of them were collapsed ultra-
sonically. Relatively large particles from 2 to 70 mm in
the PSD of A18 were considerably more in number than
those in B18. This di�erence in number of large particles
may be attributable to that compaction of the powder
increased the nc value, and thus enhanced solidi®cation
of many primary particles which was due to neck
growth by sintering. If, on the other hand, the PSD was
homologized by the cumulative weight at the particle
size of 2 mm, all the PSD in Fig. 6 were close each other
irrespective of both the sample type and the ®ring tem-
perature. This similarity suggests that the present com-
pacting or crushing did not break major of the primary
particles in the starting powder.

A densi®cation rate, d�L/dt [2±6], is expressed by an
equation similar to Eq. (1) as

d�L

dt
� Kd

�Lnÿ1 �9�

where n is a constant dependent on the sintering
mechanism, and Kd is a factor remarkably dependent on
a temperature. Integrating this equation results in

�Ln
j � �Ln

i �
�Tj

Ti

KddT=H
0
c �10�

for CRH (T = Hc
0t), where �Lj and �Li, are, respec-

tively, the gross shrinkages at the highest temperature,
Tj, and the initial temperature, Ti. The �Li value is
unknown for a usual powder compact, of which the
densi®cation data, then, have been analysed with an

empirical equation, �Ln0 � �Tj

Ti

KddT=H
0
c where n0 is a

constant de®ning the apparent sintering mechanism.
Eq. (3) suggests that if the n0 value is appreciably larger
than unity even for a small �L value, the �Li value is
negligible and n0 approximates to n. This assumption
just held for sintering of the present green compact
because of the large n0 value [16] of about 4 even
for a slight �L value ( _�: 0.4%). The �Li value of the
green compact, D25, was negligibly small accordingly.

Eq. (10), then, indicates that the �Ln ( _�: �Lj
n) value

for D25, approximated to the integrating term,�Tj

Ti

KddT=H
0
c. To simplify the question, n=4 is assumed.

The ratio, � Lj
4 /�Li

4, abruptly increases with slight
increase of the ratio,�Lj/�Li; the �Lj/

4�Li
4 valueeq-

uals 2.0, 3.8, 6.55, 10.5 and 16 for the ratio, �Lj/�Li, =
1.2, 1.4, 1.6, 1.8, 2.0, respectively. This abrupt increase
of �Lj

4/�Li
4 indicates that if the �Lj/�Li value

becomes larger than 2, the �Lj
4 value is markedly larger

than the �Li
4 value. The �Li

4 value equalled 0.05% for
D800, 0.06% for D900, and 0.96% for D1000and then the
�Lj

4 value approximated to the integrating term�Tj

Ti

KddT=H
0
cofEq. (10) from �Lj > 0.1% for both D800

and D900 and from �Lj > 2% for D1000. These
evaluations are supported with the data in Fig. 5,
which shows that the �L value of D25 well ®t the
�Lj value (=�L+�Li) not only above �L=0.1%
for both D800 and D900 but also above �L = 2%
for D1000 (the dashed line). The �Li

4 value of
D1000 was markedly larger than the integrating term�Tj

Ti

KddT=H
0
c in the lower temperature region below

1110�C, and �Lj nearly equated �Li. This equality
resulted in the nearly constant value of the dashed line
in the aforesaid low temperature region of Fig. 5.

Neck growth causes three phenomena: (1) reducing
the driving force for sintering, (2) increase of lengths
between the di�usion sources and di�usion sinks and (3)
decreasing shrinkage due to increasing the contact area
of the neck even if an amount of mass transfer per unit
time is the sameÐthe amount concerned [1±8] equals
the product of a shrinkage and the contact area of the
neck. Phenomena (1) and (2) decrease the amount con-
cerned in actual neck growth in contrast with the
assumption mentioned just earlier. Thus, an actual
densi®cation rate, d�L/dt, decreases abruptly with
increasing the �L value, being described by Eq. (9) with
an appreciably larger n value than unity.

Pre-®ring at not only 800�C and but also 900�C for a
long time, 2 h, induced appreciable reduction of the Sp

value (sample D), but slight shrinkage (sample C). This
contrast suggested a possibility that the surface di�u-
sion mechanism and/or the evaporation±condensation
mechanism contributed to the neck growth at a relatively
low temperature region up to 900�C. If this possibility
was valid, the appreciable neck growth reduced the
densi®cation rates of both D800 and D900, which must be
very lower than that of D25, in the lower temperature
region. The gross shrinkages (�Lj=�L+�Li) of D800

and D900 in Fig. 5, however, were well described with
the apparent shrinkage,�L, of D25, from �Lj = 0.1%.
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Such data ruled out considerable neck growth of both
D800 and D900 by the surface di�usion mechanism and/
or the evaporation-condensation mechanism. This con-
clusion accorded with the other experimental data, the
Sp values in Fig. 4 and PSDs in Fig. 6.

6. Summary

The speci®c surface areas, Sp, were measured for both
the highly sinterable A1203 powder and its powder
compact ®red at a relatively low temperature from 700
to 1100�C. Both shrinkage of the powder compact and
the particle size distribution were, also, measured, and
the following conclusions were obtained. (1) The present
Sp value from 700 to 950�C decreased through both
smoothing of rough surfaces and disappearance of small
¯akes. (2) Above 950�C, the Sp value of the powder
compact decreased more quickly than that of the pow-
der. This di�erence in decreasing the Sp value was
explained with neck growth by the volume di�usion
mechanism and/or the grain-boundary di�usion
mechanism. (3) These data about the Sp value consisted
well with other empirical data such as shrinkage of the
powder compact and the variation of the particle size
distribution by pre-®ring.
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