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Influence of ceramic powders of different
characteristics on particle packing structure
and sintering behaviour

DEAN-MO LIU∗‡, JIANG-TSAIR LIN
Materials Research Laboratories, Industrial Technology Research Institute, Chutung, Hsinchu,
Taiwan 31015

Ytteria-stabilized zirconia powders from different sources were used to investigate powder
packing characteristics and subsequent sintering behaviour. Powders of different levels of
agglomeration were controlled by varying degrees of ball-milling, followed by shaping
through colloidal casting. Experimental findings revealed that the average pore diameter
of the powder compacts appears to be a good representative of the whole pore structure of
the green compacts. This pore parameter exhibited a well-defined correlation with respect
to the initial mean powder size for each type of powder, irrespective of the difference in
particle size distribution and degree of agglomeration, and also correlated soundly with the
sintering behaviour of the powder compacts. Critical pore diameter/particle size ratios were
experimentally determined, which were shown to be strongly related to the initial particle
size by a power-law dependence. This dependence offers an excellent prediction of the
critical ratio in alumina powder compacts reported by Zheng and Reed [27], which further
supports the feasibility of this relationship. C© 1999 Kluwer Academic Publishers

1. Introduction
Dense, fine-grained technical ceramics with chemically
and physically uniform microstructures are always
favourable for providing desired properties to meet
diverse engineering applications. To achieve ceramic
products with a uniform, dense, and fine microstruc-
ture, a ceramic powder compact with high green den-
sity is important and this has been an interesting subject
of many publications [1–7]. A number of papers have
particularly emphasized the significance of pore size
distribution on the sintering behaviour and end-point
density of the ceramics. A quantitative observation by
Doganet al. [8] and Roosen and Hausner [9] indicated
that pore size distribution is directly reflected in the
relative position of the shrinkage rate curve. Roosen
and Bowen [10] have used most frequent pore diame-
ter (the maximum frequency on volume-pore diameter
spectrum obtained through a mercury instrusion tech-
nique) to represent the whole pore structure of the green
compact and to correlate subsequent sintering phenom-
ena; however the resultant correlation was poor.

Recent communication by the present author [11, 12]
have found that the average pore diameter (APD) deter-
mined by 4-fold pore volume divided by pore surface
area provided a well-fitted linear correlation with re-
spect to green density of the powder compacts made
from a powder injection molding technique. A similar
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observation was also found by Halloranet al.[13] in the
study of alumina powder consolidated by die-pressing.
These findings provides a strong indication that APD
is likely to act as a true representative of the whole
pore structure for a given uni-modal particle packing
structure (we presently do not realize how it works on a
multi-modal particle packing structure). In the current
investigation, a colloidal casting route was employed to
consolidate powders from different sources, represent-
ing different particle size and shape, sinterability, and
degree of agglomeration. The green as well as the sin-
tered density at different stages of sintering of the pow-
der compacts was characterized in terms of the APD
to examine how these properties are related to the pore
structure. In this investigation, an attempt is made to
correlate the particle packing structure with the given
nature of powders under identical process control. It
aims to provide some understanding on how the pow-
der nature affects the particle packing structure.

In most powder compacts, particles (with some ag-
glomerates) are randomly packed to developed a spec-
trum of pore size; some of them are relatively large with
respect to the individual particles (usually refer to as
inter-agglomerate pores) and some are small (e.g., intra-
agglomerate pores). The large pores are frequently
residual within the ceramic body even at the final stages
of sintering and eventually reduce end-point density
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[4, 14, 15]. The elimination of pores is a critical pro-
cess of sintering. Kingery and Francois [16] were the
first to indicate the importance of the pore coordination
number (i.e., the number of particles or grains en-
veloped a pore) for pore elimination. They indicated
that pores larger than some critical ratio (i.e., pore diam-
eter/particle size ratio) would survive even until the final
sintering stage. Only those below the ratio are thermo-
dynamically unstable and would be completely elimi-
nated. Lange [17] further outlined the re-distribution of
the pore coordination number towards a smaller value
by both increases powder consolidation force and grain
growth during sintering. Both effects enable the en-
hancement of end-point density. However, the latter
route would result in microstructural coarsening which
is undesirable in practice. More recently, Zheng and
Reed [18] conducted an experiment by preparing a se-
ries of alumina powder compacts with different pore
size distributions. They observed the change of the pore
size distribution during various stages of sintering and
found that pores smaller than half of the initial mean
particle size (D) were eliminated and determined the
critical ratio to be 0.5. They further proposed a pore
elimination map by classification of the pores into mi-
cropores (with size<0.5D), macropores (>10D), and
coarse micropores (between 0.5D and 10D). Those
pores categorized as macropore could not be eliminated
and should be avoided during powder consolidation.
More complicated pore elimination/growth mechanism
were observed for coarse micropores. In principle, the
finer the pore structure inside the green compacts, the
easier the pore elimination.

No experimental findings or theoretical expectation
have mentioned how particle size (or degree of agglom-
eration) affects the pore coordination number and how
it influences endpoint density. This is probably due to
lack of more systematic investigation on using pow-
ders covering a wide range of particle size (and a range
of agglomeration levels), representing different degrees
of sintering activity. In this study, five ceramic powders
with mean particle size ranging from 0.08 to 0.5µm
were employed. This range of the mean particle size
represents widely-used powders that appear in practical
fine ceramic processing. A mathematical relationship
was derived experimentally to correlate the critical ratio
with the corresponding particle size based on the anal-
ysis of residual fractions of pore of varying sizes within
the green compacts after the final stage of sintering.

2. Experimental procedures
Five commercially available zirconia powders (de-
signed as powder A, B, C, D, and E) were used to
form powder compacts by means of a colloidal casting
route. All the powders contain 3 mol % Y2O3 as sta-
bilizer. Impurity content of the powders is given in
Table I. The powders were dispersed into aqueous me-
dia with 0.5 wt % dispersant and 1 wt % plastisizer in a
polyethylene jar containing a fixed powder-to-zirconia
ball (as milling media) weight ratio. The suspension
was mixing for different periods of time from 0.5 h to
as long as 72 h, followed by casting into a rectangular-

TABLE I Impurity content (wt %) in the 3 mol % Y2O3-stabilized
zirconia powders

Ingredient Powder A Powder B Powder C Powder D Powder E

CaO 0.02 0.02
Na2O 0.01 0.01
Fe2O3 0.02 <0.002 0.04 0.003
SiO2 0.05 <0.002 0.03 <0.001
Na2O 0.01 0.025 0.015
TiO2 0.01 0.15 0.006
Al2O3 <0.005 0.02 <0.003
S 0.05
L.O.Ia 0.14 0.5 0.81 0.26

a Loss of ignition wt % at 1100◦C.

shaped plaster mold to consolidate a shape. The powder
compacts were then oven-drying and subjected to slow
pyrolysis to 600◦C for 2 h to eliminate residual organic
phases. The particle size distribution of the powders af-
ter different periods of time of ball milling was charac-
terized using a particle size analyzer (Horiba, LA-910,
Japan). A small portion of the powders was further
diluted and ultrasonically dispersed, followed by ex-
amination using scanning electron microscopy (SEM,
Cambridge Instruments, Model 360) to determine the
size and the shape of individual particles. The specific
surface area of the as-received powders was determined
using an isothermal nitrogen adsorption technique.

The green compacts were characterized using mer-
cury porosimetry (Autopore II 9220) for pore size dis-
tribution. The particle packing structure is examined us-
ing the SEM. Although several assumptions have been
made for pore size measurement, the porosimetry un-
doubtedly is still a useful tool for a better understand-
ing of the packing structure within a green compact.
Powder compacts were cut into cubes of dimensions
5× 5× 5 mm3 and companion-fired under a constant
heating rate of 5◦C/min to temperatures of 1200 to
1500◦C with an increment of 100◦C. The sintered den-
sities of the fired compacts were then measured using
the Archimede’s principle with water as a medium.

3. Results and discussion
3.1. Powder characterization
Figs 1a–e show the morphology of the as-received pow-
ders for powder A, B, C, D, and E, respectively. Ex-
cept that of powder D having an irregular shape, the
rest of the powders are relatively fine and exhibit near-
spherical shape. The mean particle size of the pow-
ders was determined by averaging over 500 individ-
ual particles, together with their specific surface as
listed in Table II. Powder Has the smallest particle
size, about 0.08µm and powder D, the largest size,
0.5µm. One common observation of these powders is
the presence of agglomerates (no attempt is made to
differentiate agglomerates and aggregates here) and it
is generally accepted that the smaller the particles, the
greater extent of agglomeration due to stronger inter-
particle attraction/adhesion forces.

The purpose of ball milling for different periods of
time was to intentionally introduce agglomerates of
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Figure 1 Scanning electron micrographs of ZrO2 (a) powder A, (b) powder B, (c) powder C, (d) powder D, and (e) powder E, used in this investigation.
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Figure 2 (Continued)

different levels. Fig. 2 shows the particle size distri-
butions (here we use the legendagglomerate size dis-
tributionwhich is preferable as an expression of the true
powder condition) of the powder A after different time
periods of ball milling. As time proceeds, the size distri-
bution shifts to a smaller region indicating the breaking
of agglomerates. A reduction of individual particles by
the grinding ball crushing is also possible, but should
be relatively small portion simply because the ball size
is large (20 mm in diameter) in comparison to the pow-
der size. This size of ball media is usually not used for
particle size reduction, particularly for submicron-sized
powders, in practice.

In comparison to the visually-determined individual
particles, the volume-averaged mean agglomerates are
much greater in size and agglomerates with a mean size
of as large as 10-fold mean particle size as observed
for powder E, suggesting extensive agglomeration. To
quantify the degree of agglomeration of the prepared
powders, an expression termed agglomeration param-

eter introduced by Roosen and Hausner [9] by defin-
ing a ratio of median agglomerate size to the corre-
sponding particle size was used and the resulting ratio
is also given in Table II. The higher the ratio indicates
the greater extent of agglomeration and it is clear that
powder E (having the smallest particle size) possesses
the most extensive agglomeration, whilst the powder D
is considered to be well-dispersed.

3.2. Particle packing characteristics
Lange [19] indicated that colloidal processing pro-
vides improved particle packing efficiency in compar-
ison to the conventional die-processing route. For a
well-dispersed colloidal suspension, the particles can
be slide over one another to pack with high efficiency
and a relatively high green density can usually be ob-
tained. However, agglomeration reduced packing effi-
ciency, which further coarsens and broadens the result-
ing pore size distribution of the green compacts.
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TABLE I I Some parameters, i.e., specific surface area (SSA), ag-
glomeration parameters (AP), and green density (%TD), of the zirconia
powders used in current investigation

Materials SSA (m2/g) AP (milling hour) Green density

Powder A 5.45b (0.5 h) 43.51
(0.20µm)a 7.16# 4.97 (8 h) 45.02

4.66 (16 h) 48.14
4.1 (24 h) 52.61
3.44 (48 h) 54.25

Powder B 3.95 (0.5 h) 45.35
(0.32µm) 7.06 3.06 (8 h) 51.52

2.36 (24 h) 54.89

Powder C 2.35 (0.5 h) 47.80
(0.23µm) 6.32 2.17 (8 h) 51.82

1.86 (24 h) 53.90
1.75 (48 h) 54.83

Powder D 2.35 (0.5 h) 47.83
(0.5µm) 6.64 1.35 (8 h) 51.82

1.26 (24 h) 53.36

Powder E 11.08 (0.5 h) 42.05
(0.08µm) 15.01 7.20 (24 h) 44.35

5.67 (48 h) 46.22
5.20 (72 h) 46.76

a SEM-determined mean particle size. # BET nitrogen adsorption deter-
mined.
b Values are determined by dividing the mean agglomerates size with
the mean particle size.

Figs 3a and b illustrate the pore size distribution
of the compacts with powders ball-milled for 0.5 and
24 h, respectively. A relatively small portion (<2 vol %)
of pores greater than 1 mm is detectable (not shown
in these figures) and these pores should be taken as
interagglomerates voids. It is clear that agglomerates
break apart extensively during long-term ball-milling
into smaller fragments (either agglomerates or individ-
ual particles, or both), these fragments tend to be kept
apart by the organic dispersant in the powder suspen-

Figure 2 Particle size distributions of the powder A after different time periods of ball milling.

sion. This dispersion facilitates fragments sliding over
one another upon casting and improves particle packing
efficiency, resulting in a higher green density (Table II).
Furthermore, a smaller and somewhat narrower pore
size distribution (Fig. 3a) can be developed within the
green compacts when smaller particles were used (e.g.,
powder E), in spite of having a maximum agglomera-
tion and a minimum green density (42% of theoretical).
Since agglomeration should deteriorate the green mi-
crostructure of the powder compacts by coarsening the
pore size distribution, the observed agglomeration ver-
sus corresponding pore size distribution for powder E
compact contradicts such understanding. This may be
attributed to having originally the finest particles. Ex-
tensive agglomeration produces agglomerates with a
means size (0.5–0.7µm) still smaller than those pro-
duced by others (0.8–1.4µm).

Accordingly, increase in powder agglomeration re-
duces green packing density. This can be confirmed
by a correlation of the relative green density with ag-
glomeration parameter defined previously (Fig. 4). The
coefficient of the correlation has a low value of 0.680;
however, the trend of decreasing green density with
increasing degree of agglomeration is evident. The rel-
ative green density would reach∼58% once the powder
is perfectly dispersed, i.e., agglomeration parameter is
unity or particles are finely-divided.

Alternatively, each powder may be treated separately
as its own agglomeration-density relation and extrap-
olation to the “perfectly-dispersed” density results
in a value ranging from 58 to 68% theoretical. The
58% density obtained is identical to those computer-
simulated results obtained by Rodriguezet al.[20] and
Visscher and Bolsterli [21], and also comparable with
theoretical value derived by Dixmier [22] for packing
of identical spheres. However, it would be more reali-
stic in considering the finely-divided particles (if per-
fectly dispersed in the liquid media) to be a continuous
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(a)

(b)

Figure 3 Pore size distributions of the green compacts of different powders after (a) 0.5 h and (b) 24 h of ball milling.

distribution of size (i.e., log-normal dispersion, in
Fig. 2). Such a normal particle size distribution is
theoretically able to produce a compact of spheres
with a dense random packing density over the range of
59–63%. The currently-obtained value is apparently
lower than the theoretical expectation and is evidently
a “loose random packing” structure. The non-spherical
particles currently used may be one of the possibilities
responsible for such discrepancy. In comparison, the
extrapolated “well-dispersed” green density is consi-

derably lower than that for fine-particle Al2O3 [2, 10],
65% or above, and SiC [23], 68%, obtained under
a similar consolidation route. Accounting for such
differences in packing density among those powders
would be complex and is beyond the scope of the
current investigation.

The use of the concept of themost frequent pore di-
ameteroriginated by Roosen and Bowen [10] to corre-
late the pore structure with the resulting green density is
highly uncertain. Instead, the average pore diameter is
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Figure 4 Correlation between the green densities of the powder compacts and agglomeration parameter for various powder characteristics, showing
roughly identical trend with which the packing density reduces with increasing degree of powder agglomeration.

likely to provide somewhat more useful and reliable pa-
rameter in describing the green property of the powder
compacts. Expressing the average pore diameter (APD)
of the powder compacts containing varying degrees of
agglomeration in terms of the green density is shown
in Fig. 5. Each powder presents a well-fitted linear re-
lation with correlation coefficient ranging from 0.97 to
0.99. Each powder has its own linear APD-density re-
lationship, indicating the uniqueness, such as particle
size/shape and degree of agglomeration, of the powders.
This also provides some clues in understanding the fact
as depicted in Fig. 4 that each powder may exhibit its
own packing characteristic. In general, a greater APD

Figure 5 Correlations between average pore diameter and packing density, showing an excellent agreement with respect to each type of powder.

is obtained in the powder compact with higher agglom-
eration (i.e., compacts with lower green densities).

Since a well-defined correlation can be established
between APD and green density of the powder com-
pacts, it may be of considerable interest to determine
whether a particle or agglomerate parameter can be re-
lated to the corresponding pore structure. In an aver-
age sense, as previously defined for representation of
the pore structure, a mean particle or more realistically
a mean agglomerate size (determined by the particle
size analyzer) was tentatively selected as a powder pa-
rameter under a given condition of agglomeration. Sur-
prisingly, a straight line can be obtained by correlating
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Figure 6 Good correlations are obtained between mean agglomerate size and average pore diameter for each type of powder, suggesting the presence
of a simple relationship between them under colloidal processing.

the APD with the mean agglomerate size for each type
of powder as shown in Fig. 6. The error bars in this
figure are referred to as the standard deviation of the
measurements. For a given powder, the resulting par-
ticle packing structure changes linearly with powder
condition, or implicitly, with the degree of powder ag-
glomeration. The small measurement deviations indi-
cate that a highly reproducible packing structure was
achieved by means of the colloidal casting technique

(a)

Figure 7 Average pore diameter versus relative sintered density for (a) powder A, (b) powder D, and (c) powder E, at temperatures of 1200–1400◦C,
corresponding to different stages of sintering. This also illustrates that the average pore diameter is a fairly good pore parameter in describing the
sintering behavior of the ceramic powders currently employed.

and this ensured a reasonable uniformity of sintered
microstructure under proper suspension control [19].
This powder characteristic-related packing structure
observed presently is suggested to be a result of the
nature of the consolidation method because the sus-
pended small fragments would be likely to deposit, un-
der both gravity and suction force (by the plaster mold)
fields [24], particle by particle and layer by layer. Such
consolidation mechanisms (being physically similar
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(b)

(c)

Figure 7 (Continued)

to the method for theoretical models and simulation
previously mentioned) ensure the reproduction of parti-
cle packing pattern (or structure) to a significant extent
and this renders the final packing structure to be di-
rectly related to the starting powder characteristics. No
identical physical conditions can be obtained between
different powders and this roughly reflects their unique
features in the final green packing structure produced
via colloidal casting.

3.3. Influence of particle packing
characteristics on sintering behaviour

Roosen and Bowen [10] attempted to use themost fre-
quent pore diameterto correlate the sintering behaviour
of alumina compacts but this resulted in a relatively

poor correlation. In our opinion, their selection of the
most frequent pore diameteras a representative of the
whole pore structure of the green compact is incorrect,
primarily because powder compacts can have identi-
calmost frequent pore diameterbut large difference in
pore size distribution. This can be evidenced by Fig. 7
in [10]. In contract, the APD presently used reflects, in
considerably certainty, the whole pore structure of the
green compacts and is likely to be sensitive to a slight
microstructural variation.

Based on this understanding, together with the ob-
servation of shrinkage rate curve versus pore size dis-
tribution previously mentioned [8, 9], it is reasonable to
hypothesize that the sintering behavior of a given pow-
der compact may be able to be correlated with the APD
of the compacts. The resulting relations are evident
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as shown in Figs 7a, b, and c for powders A, D, and
E, representing particles of intermediate, the largest,
and the finest size, respectively, which yields a lin-
ear relationship for each powder at different tem-
peratures from 1200 to 1400◦C. These temperatures
involved a wide range of sintered density covering
different stages of sintering (mostly intermediate-
stage sintering). The correlation coefficients over these
straight lines are in the range of 0.91–0.99 indicating
the sintering behaviour is able to follow a linear func-
tion of the APD of a given green compact.

The negative slopes of these lines along with the in-
crement of the APD indicate that agglomerates sup-
press densification [4, 25, 26]. Such suppression be-
comes stronger for smaller particles (e.g., powders A
and E) at lower temperatures (1200–1300◦C) and for
larger particles at higher temperatures. This is primarily
because the smaller-particle constructed agglomerates
have priority densification at lower temperatures and
their densification effect becomes less pronounced for
powders of higher content of agglomerate [25]. This
finding implies that it is relatively difficult or impossi-
ble to determine the sintering parameters with accuracy
between various powder compacts without considering
the effect of agglomeration, even if they have initially
identical packing density.

Taking powder E as an example, the influence of
agglomerates on sintering behaviour can be expressed
by using the term “sintering activity” defined as the
ratio of (Ds− Dg)/(100− Ds), whereDg is the green
density andDs the sintered density, as previously used
by Roosenet al. in the study of ZrO2 powder [9].
Fig. 8 shows the relations between the sintering activ-
ity and corresponding sintering temperature for powder
E with different degrees of agglomeration (expressed
as “agglomeration parameter” in parentheses). Appar-

Figure 8 The sintering activity of powder E with different degrees of agglomeration (values in parentheses are “agglomeration parameter”) with
corresponding sintering temperatures.

ently, the lower the degree of agglomeration, the higher
the sintering activity results and such sintering be-
haviour appears to be sustained over almost the entire
length of sintering. Such an agglomeration-dependent
sintering behaviour imposes a profound effect on sin-
tering kinetics as recently observed and will be dis-
cussed in detail separately. A potential risk in deter-
mining sintering parameters such as activation energy,
densification/shrinkage, diffusion activity, etc., with
certain quantitative error would probably arise.

According to the complex model of pore elimination
map proposed by Zheng and Reed [18], pores smaller
than half of the mean particle size (D) can be totally
eliminated; however, pores greater than 0.5D can be ei-
ther shrink or grow, and those greater than 10D can not
be eliminated. Therefore, the pore stability with most
uncertainty is the size over the range of 0.5D–10D.
However, no further investigations are available in pro-
viding deeper understanding on (1) How pores “be-
haves” over this large range of size? (2) Is there any in-
fluence of starting particle size on the critical ratio? (3)
Has any “critical pore size” existing in a powder com-
pact? (4) Is such a pore classification may applicable to
other ceramic powder compacts other than alumina?.

To elucidate these questions, we first examined the
total residual porosity of all the compacts after the final-
stage sintering.TNS, the temperature at the final stage
was determined when no further shrinkage was de-
tectable on the dilatometer and a few samples exhibit-
ing a temperature beyond the maximum temperature
attainable of the instrument were abandoned. This to-
tal residual porosity can be expressed as a sum of the
fractional porosity (P) of different pore size regimes,
which yields,

Pgreen= Pmacropore+ Ptransition pore+ Pmicropore (1)

1968



Figure 9 The volume fractionf as a function of mean particle size.

The meaning of the transition pore will be defined in
a later discussion. TheTNS is dependent on powder
characteristics and is over the range of 1460–1540◦C
for the powders currently used. According to the ob-
servation of Zheng and Reed [18], the porosity of the
large pores (defined as the macropores,>10D, in their
article) in the green stage is nearly identical as in the
sintered stage, that is,

(Pmacropore)green= (Pmacropore)sintered (2)

If Equation 2 continues to the final stage of sintering
(in fact, from a recent observation on an other ceramic
system with relative large pores, Equation 2 sustains
until the final-stage sintering [28, 29]), it provides im-
portant and useful implication in how the pores with
size over the range of 0.5D–10D undergo morpholog-
ical changes (here we define these pores as transition
pores).

In comparison, the residual porosity of the compacts
is always greater in different quantities that the porosity
of the macropores, i.e.,

Presidual= Pmacropore+ P′ (3)

Based on the pore elimination map [18], we believe
that some transition pores should grow or remain un-
changed rather than shrink to final elimination and they
contribute to the residual porosity. This leads to a need
for further analysis of how much volume fraction (f )
of the transition pore for these powder compacts turns
into the region of macropore. That is to say, some frac-
tion of the transition pores in fact undergoes relatively
unchanged morphologically (i.e., thermodynamically
stable pores) and can roughly be categorized as macro-
pores. Equation 3 can then be rewritten by,

Presidual= Pmacropore+ f Ptransition pore (4)

The determination of the fractionf is then to be par-
ticularly important in providing a more detailed un-
derstanding of how the pores undergo morphological
change during sintering. Following the analysis of the
pore size distribution, we found that the fractionf tends
to increase with an increase of the particle size; for in-
stance,f =∼1–1.5% for compacts made from powder
E and over 80% for powder D compacts. A plot of the
fraction f in terms of the initial particle size is shown
in Fig. 9, where the bars refer to as the minimum and
maximum fractionf . The trend of fractionf in relation
to the particle size is evident. This finding provides a
strong implication that some critical ratio must be ex-
isting in the transition pore region. To be more specific,
pores below 10D, e.g., 7D, 8D, etc., undergo similar
change (or unchanged) as that of 10D pores and those
above 0.5D, e.g., 0.8D, 1D, 2D etc., may be totally
eliminated as that of 0.5D pores. This argument in fact
does not show any conflict with the concept of pore
coordination number outlined by Lange [17] and will
be discussed later.

Hence, such critical ratio is not supposed to be in-
dependent of the starting particle size. Returning to the
initial volume-pore diameter data, a specific pore size
corresponding to approximately the fractionf for the
respective powder can be determined. Such pores al-
ways lie in the range of the transition pore region, but
exhibits a different size value, depending on the start-
ing particle size. Dividing the obtained specific pore
diameter with the starting mean particle size, a new
definition of the critical ratio is obtained. Plotting the
critical ratio with respect to the mean particle size, a
power-law expression (solid line in Fig. 10) with cor-
relation coefficient as good as 0.96 yielded:

Critical Ratio= 0.289D−1.17 (5)

whereD has a unit inµm. Equation 5 is applicable to the
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Figure 10 The critical (pore diameter/particle size) ratio shown to be inversely proportional to power-law dependence of starting mean particle size
over the range of 0.08 to 0.5µm.

ceramic system currently investigated with the particle
sizes over the range of 0.08 to 0.5µm, which cover the
size of most commercially available ceramic powders
for technological applications. Since Equation 5 is de-
duced experimentally from examination of the particle
packing structure in relation to the solid-state sintering,
it is therefore possible to extend this equation to other
similar systems and to see how this equation works.
Available data for critical ratio determination are rela-
tively rare, but an earlier work by Zheng and Reed [27]
is used. Their model material is alumina powder hav-
ing a mean particle size of 0.64µm. The critical ratio

Figure 11 The sintered compacts made from (a) powder A, (b) powder D, and (c) powder E, shows different microstructural evolution atTNS with
grain size of 0.5, 0.75, and 0.35µm, respectively, which indicates a significant grain growth occurring for smaller particles.

is calculated to be 0.49 from Equation 5 which is in ex-
cellent agreement with their experimental observation,
0.5. This comparison, in spite of a slight extrapolation
to a larger particle size than the studied range, supports
the validity of Equation 5.

Equation 5 indicates the strong dependence of the
critical ratio on the starting particle size, which has not
been reported in literature. This finding appears to be
explicable in terms of the concept of pore coordination
number. Since it is realized that grain growth has the po-
tential to reduce pore coordination number, this accel-
erates pore elimination and improves end-point density
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Figure 11 (Continued)

of the ceramic bodies. The use of smaller particles has
the greater tendency for grain growth (also for densifi-
cation) than larger ones; this may promote the reduction
of pore coordination number. A sintered microstructure
for powders A (TNS= 1510◦C), D (TNS= 1540◦C),
and E (TNS= 1460◦C) (Figs 11a, b, and c, respec-
tively) shows an average grain size of 0.5, 0.75, and
0.35µm, respectively. If we define an average grain
growth rate as a value determined by dividing the sin-
tered grain size with the corresponding starting particle
size over the length of sintering, it can be found a 3
times faster grain growth rate for the powder E than for
the powder D and 1.6 times for powder A with respect
to powder D, which supports the previous argument.
However, competition between grain growth and pore
growth frequently exists and can’t be ignored, since the
latter causes an increase in pore coordination number
and should be avoided.

Equation 5 and Fig. 11 strongly suggest that finer
particles (e.g., powder E) have a much greater tendency
to reduce pore coordination number, suggesting grain
growth kinetics dominate. Therefore, a larger pore rela-
tive to the particle size (i.e., higher critical ratio) seems
kinetically allowable to be present in the fine-powder
compacts. Interestingly, powder E is found to have the
most extensive agglomeration, the initial densification
of the agglomerates may frequently cause an increase
in interagglomerate pore size (or increase in pore co-
ordination number). However, the high end-point den-
sity suggests these further “opened” interagglomerate
pores tend to come back into contact with the matrix
by a greater densification force.

Since the critical ratio increases with reducing par-
ticle size, by examining Fig. 10, a specific pore size
of 0.38± 0.08µm (± stands for standard deviation)
is obtained by multiplying the critical ratio with the
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corresponding particle size. This pore size is believed to
be a critical pore dimension, which determines whether
the pores in the green compacts can be eliminated, or
not. Therefore, current investigation suggested that the
pores below the size of about 0.38µm would be ther-
modynamically unstable and can be totally eliminated.

4. Conclusion
Fine zirconia powder compacts were prepared from five
different powder sources, representing differences in
particle size/shape, sinterability, and degree of agglom-
eration. Average pore diameter has been examined to
be a true representative of the whole pore structure in
a given powder compact. This pore parameter corre-
lates well with the sintering behaviour of the powder
compacts at a variety of sintering stages. A critical pore
diameter/particle size ratio has been experimentally de-
termined, which is shown to be inversely proportional to
the power-law dependence of the starting particle size;
the smaller the particles, the greater value of the ratio
is permitting. This is primarily because of the greater
tendency for grain growth during sintering. The pore
coordination number can be reduced to a significant
extent for the smaller particles and this allows further
pore elimination at the final stage of sintering. A simple
expression for pore stability has been experimentally
deduced which is primarily valid for the fine zirconia
powders under investigation, with a particle size rang-
ing from 0.08 to 0.5µm; however, an extend application
of this expression to other ceramic system receives an
excellent predictive capability.
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