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An extensive survey of the porosity dependence of (room temperature) physical properties 
shows that mechanical properties and electrical and thermal conductivity, i.e. properties 
dependent on the local flux or fields in the material, fol low minimum solid area models. This 
is shown extensively for elastic properties and tensile (flexure) strength, but consistency 
with other properties, e.g. compressive strength, hardness, electrical and thermal 
conductivity is also shown. Although data for ceramics is most extensive, data for rocks, 
metals, and carbon are included, since the consistency of these, especially of metals with 
ceramics, provides important support for the minimum solid area concept. While porosity 
characterization is generally minimal, expected model trends with pore character are 
corroborated by correlating processing and resultant expected pore character with 
porosity-property results. It is argued that properties dependent on mass should be better fit 
by a linear, i.e. rule of mixture, relationship between such properties and porosity. Support 
for this is shown in dielectric constant-porosity data. 

1. I n t r o d u c t i o n  
Despite extensive study, much remains to be under- 
stood about the porosity dependence of physical prop- 
erties of ceramics and other materials. In particular, 
until recently, there has not been a predictive capabil- 
ity, [1] i.e., the ability to even approximately deter- 
mine what the porosity dependence of properties 
would be given only the amount and character of the 
porosity. Several studies [2-11], including some quite 
recent ones, have examined the applicability of vari- 
ous models to ceramic mechanical property-porosity 
data. Such studies, which focused on the closeness of 
fit between various equations and the available data, 
are useful for indicating models that often provide 
very poor fit to data and hence are suspect or inappro- 
priate. Although some models contain fewer and some 
more parameters (e.g. models 1-4 and 5-7, respective- 
ly; Table I), with the latter, in principle, providing 
more opportunity for effective curve fitting, this is not 
always so in practice. Equations for some given mod- 
els have often been generalized by letting constants in 
the resulting equations which are defined by the as- 
sumed pore geometry be parameters in curve fitting. 
However, this has not significantly aided predictabil- 
ity, i.e. relating the equation parameters to the amount 
and character of the porosity. Lacking such a definit- 
ive porosity-property relationship, one can always 
seek more effective empirical curve fitting, but this has 
been unsuccessful in effectively differentiating between 
various models for two basic reasons. 

The first reason that many of these previous curve 
fitting studies have not been successful in truly dis- 
criminating between the different models that fit 

porosity data, at least approximately, is that the data 
are often variable in quality. For example, the com- 
parative studies of Dean and Lopez [2] show that 
ThO2 and MgO data were significant factors in dis- 
criminating between models in their analysis. How- 
ever, the investigators who generated the ThO2 data 
noted it was variable due to heterogeneous porosity 
[12]. Different MgO data sets showed substantial 
variation in the porosity dependence of Poisson's ratio 
(v), varying from increasing, approximately indepen- 
dent of, or decreasing with increasing porosity [13]. 
Besides showing considerable data variation, this 
probably indicates the effects of inhomogeneous por- 
osity since there is no theoretical basis for v increasing 
with increasing levels of uniformly distributed poros- 
ity [14]. However, this could result from heterogen- 
eously distributed porosity effecting measurements to 
determine v. Although not commonly checked for, 
inhomogeneous distribution of porosity is probably 
fairly common, and a serious problem, as discussed 
later. 

The second and most fundamental reason why 
these previous curve fitting studies have been limited 
in their effectiveness of identifying truly predictive 
models has been that previous, potentially predictive 
models have been based on a single, fixed character of 
porosity (e.g. all bubbles, or all pores between particles 
of fixed shapes and stackings). In reality, both mix- 
tures and changes of porosity need to be considered. 
Most porous bodies, as formed, contain more than 
one type of porosity [1], e.g. partially sintered bodies 
of various particle sizes and packings result in varying 
porosity character. Since such variations are built into 
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the starting bodies, they impact the porosity depend- 
ence over most, possibly all, of the porosity range. 
Further, pore character is not static and in fact com- 
monly changes substantially with the amount  of por- 
osity, e.g. as sintering occurs, the co-ordination num- 
ber of the particles increases, typically starting in the 
range of 6 8 at low density, but reaches 12-14 at high 
density [1]. Although such changes in the nature of 
the porosity with the level of porosity may often be 
greatest at low porosity levels, where their effects are 
more limited, this is not always so. Changes from 
spherical to cylindrical shaped pores can be important 
at high porosity [11. Thus, models based on a single, 
fixed, porosity will commonly deviate from actual 
data, especially due to neglecting the original ge- 
ometry of the models, the initial mix of porosity, or its 
changes with P. 

Recently it has been shown that both the issue of 
mixes of different porosity and changing porosity can 
be addressed via appropriate combinations from the 
collection of existing minimum solid area models 
covering the different types of porosity commonly 
encountered [1]. These encompass (1) pores between 
particles of various stackings, and (2) pores (e.g. bub- 
bles) contained within a matrix (e.g. as in a foam, 
which can be obtained by interchanging pore and 
solid phases) or combinations of these. Such models 
are based on most physical properties being deter- 
mined by the minimum solid area normal to the flux 
or stress. For  partially sintered particles this is the 
projection of the actual sintered area between the 
particles normal to the stress or flux, and for pores in 
a matrix, it is the projection of the minimum webarea  
between adjacent bubbles parallel to the stress Or flux 
[1]. Properties typically dependent on minimum solid 
area are those determined by local field or flux con- 
centrations, e.g. mechanical properties and electrical 
and thermal conductivities. Properties not fitting such 
models are those mainly determined by mass (e.g. heat 
capacity) in which case a simple rule of mixtures of the 
property values for the solid and pore (e.g. air or 
vacuum) volume fractions should be appropriate. It 
was shown that in materials where actual pore struc- 
tures were reasonably represented by specific pore 
models that the available data for mechanical proper- 
ties and electrical and thermal conductivity agreed 
with the models [1]. It was also shown that various 
idealized pore structure models could be combined to 
account for mixes or changes of such nearly ideal 
porosities. Deviations of the materials from the 
idealized pore structures were seen as the major factor 
for differences between the data and models. 

While the companion paper [1], dealt with 
idealized pore structures, this paper shows that the 
basic minimum solid area porosity-property trends 
for mechanical properties and thermal and electrical 
condfictivity are consistent with the expected combi- 
nations of porosity types commonly encountered in 
bodies of more general pore structures. Since detailed 
porosity characterization is lacking, trends with pro- 
cessing-porosity character are considered and shown 
to be consistent with appropriate models. Support for 
the models is provided not only by room temperature 
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Figure l Minimum solid areas versus volume fraction porosity (P) 
calculated for various uniform stackings of perfectly uniform spheri- 
cal particles or spherical, cylindrical or cubical pores. Most relative 
physical properties (i.e. the value at the same P divided by the P = 0 
value) dependent on local stress or flux should be directly related to 
the relative minimal area, i.e. the ratio of the minimum solid area at 
a given P to that at P = O. 

dependence of the above properties of ceramics, but 
also for both metals and polymers. Dielectric constant 
is considered as a property not following minimum 
solid area models, instead following a rule of mixtures. 
Analysis and data are presented in support of this. The 
issue of heterogeneous porosity is addressed and 
illustrated. 

2. Evaluation approach 
The minimum solid area models that are generally 
most pertinent are shown in Fig. 1 (their origins and 
applicability to more idealized structures are reviewed 
elsewhere [1] ). A basic characteristic of all of these 
models is that on a plot of the log of the property 
versus volume fraction porosity (P), the minimum 
solid area (and hence the pertinent property value of 
interest) decreases first, approximately, though not 
exactly, along straight lines on the semi-log plot. Be- 
yond this approximately linear region on the semi-log 
plot of the minimum solid area and hence the property 
of interest starts decreasing more rapidly, then nearly 
precipitously, going to zero at a critical porosity (Pc). 
For  stacked particles, Pc, the percolation limit, is 
where the bond area between pores goes to zero. For  
pores (e.g. bubbles) in a matrix it is the point at which 
the minimum web areas between pores goes to zero. 
Thus, each specific model has three characteristics: (1) 
the approximately linear slope of the first ~ 40-60 % 
of the P range to which it is applicable; (2) the ~ P 
value at which properties start to decrease signifi- 
cantly more rapidly than the ~ linear slope; and (3) 
the Pc value. While all three of these are useful in 
distinguishing the basic porosity character of each 
model, (1) is one of the more definitive and the most 
available [1]. The utility of each of the above three 
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characteristics is further enhanced by combinations of 
different porosity resulting in similar curves with the 
above three characteristic values given approximately 
by a weighted average of those for each type of poros- 
ity involved [1]. 

As previously discussed [1], various existing equa- 
tions [5, 15-21] for property-porosity relations were 
considered to model each of the entire curves in Fig. 1 
with a simple equation that contains parameters read- 
ily relatable to the pore character so that one can 
understand the meaning of these parameters for com- 
binations or changes of pore structures. However, 
while one could obviously fit the porosity trends in 
one area well, this could not always reliably be done 
and also get a good fit to the rest of the curve. Further 
it is not clear that one could clearly associate the 
equation parameters with the porosity character in 
such model fitting. Thus two procedures were fol- 
lowed. Wherever data covered most of a model's 
range, comparison is made with the appropriate 
model curve. Otherwise (or additionally), the approx- 
imately linear character on the semi-log plot over the 
lower porosity region is utilized; i.e. the commonly 
used exponential relationship wherein the ratio of the 
properties at some porosity to that at zero porosity is 
given by 

e -be (1) 

where b is a parameter determined by the character of 
the porosity (Fig. 1). This expression has been widely 
used for porosity studies in the past, first on an empiri- 
cal basis, then on an analytical basis by Knudsen [16] 
for the lower P region for different stacking of spheri- 
cal particles. It was later shown to be similarly applic- 
able to various shaped pores in a matrix [17], for 
which other equations had been previously derived, 
and has potential for being combined with the sim- 
ilarly derived expression pertinent only for higher 
porosity levels [1, 21]. Advantages of this exponential 
expression are: (1) it is a reasonable approximation for 
the actual models [1] prior to beginning the approach 
to Pc (lack of recognition of this deviation toward 
Pc and hence using this exponential model equation 
beyond its range of good applicability is a major 
source of poorer curve fitting with it); (2) there is 
extensive data for which the b values have already 
been determined; and (3) it provides a single para- 
meter, b, which can be correlated with pore character 
(e.g. Fig. 1) and can be readily adapted for pore com- 
binations via a weighted average of the b values [1]. 
Further, because of its mathematical simplicity, it 
allows ready correlation of other properties, e.g. since 
sound velocities are related to the square of the perti- 
nent elastic moduli, b values for the velocities will 
simply be about half that of that for the corresponding 
modulus. 

Use of the exponential relationship is consistent 
with studies evaluating the fit of various equations to 
mechanical property-porosity data showing it agrees 
quite well with a variety of data (e.g. being competitive 
with Equations 5, 6 and 7 of Table I). Further, Salak, 
et al.'s [11] study showed Equation 1 was, by a sub- 
stantial margin, the best fit to the 834 data points for 
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tensile strength of sintered iron they used versus the 
second best fitting relationship (Equation 3 of 
Table I). Although not compared in detail with the 
other equations, they also found a good fit of Equa- 
tion 1 for the 701 data points for hardness as a func- 
tion of porosity of sintered iron compacts. Similarly, 
Enloe et al. [221 have recently considered the fit of 
their thermal conductivity-porosity data for A1N, as 
well as literature data for thermal conductivity versus 
porosity of A1203 and BeO. They showed that not 
only was the exponential relationship competitive 
with others considered, but it was frequently the best 
fitting relationship. 

Use of e -be thus focuses on the slope (b) at lower 
P (where there is most data) as the prime discriminator 
of porosity type and applicable model(s). Low b values 
of ~, 1.4-2.7 are associated with respectively approx- 
imately cylindrical pores (aligned with the direction of 
measurement) and spherical pores in a matrix, both 
extending to very high levels of porosity (Fig. 1). Cubi- 
cal pores give progressively higher b values as their 
orientation relative to measuring direction changes; 
i.e. for notation purposes, treating such pores as cubic 
crystals the b values for < 1 0 0 > ,  < 1 1 0 >  and 
< 1 1 1 > directions of common pore orientation of 

the pores are ~ 2, 3.3 and 4.6, respectively. Such cubic 
pores reflect more angular characteristics of pores (e.g. 
from burnout of more angular fugative materials). 
Cylindrical pores orientated normal to the measure- 
ment direction give b ~ 3. The range of b values respec- 
tively for the least to most dense uniform packing of 
identical spherical particles is ~ 5 to 9. In general, the 
lower the slope (i.e. b value), the higher the transition 
toward Pc and the higher the Pc value. Clearly combi- 
nations must lie between the extremes of b of ~ 1.4 
and 9. While characterization of porosity (beyond 
a density, i.e. P determination) is almost always very 
limited, the above Pc correlation with the pore charac- 
ter can imply some other aspects of porosity where 
investigators have covered a sufficient P range to at 
least begin to approach Pc. 

A key problem is that even general aspects of the 
porosity beyond its level i.e. P, are seldom given. 
However, generally, variations in pore character can 
often be, at least approximately, related to processing. 
Typical die pressing of powders commonly results in 
lower to moderate green densities, and hence density 
of particle stackings, i.e. approximate random stack- 
ing of particles unless high pressures are used (in 
which case serious inhomogeneities such as lamina- 
tions may become increasingly common. Such 
laminar porosity has b values similar to those for 
cylindrical pores of comparable orientation). Such 
random stacking is similar in density to simple cubic 
stacking of uniform spheres [1] (b ~ 5), e.g. it contains 
limited amounts of somewhat higher density stacking 
(b = 6-9), but also equal or greater amounts of voids 
approaching or greater than the particle size due to 
failure of particles to avoid bridging, i.e. voids in 
a matrix (b ~ 2-3). Considering this and pore shape 
(e.g. cubic pores to reflect more angular aspects of 
porosity), the net result would commonly be an initial 
b value in the range of 3 to 4. Significantly lower 



b values require a much larger portion of approxim- 
ately spherical or (approximately orientated) cylin- 
drical voids. Such voids are typically obtained by 
introducing bubbles or fugitive, e.g. organic, particles, 
or due to particle bridging, and are thus often larger 
than the particle size of the powder particles that end 
up forming the body. The first of two other possibili- 
ties for low slopes (b values) is to use particles with 
a tendency to form chains as is commonly obtained in 
dealing with sols such that these leave significant in- 
terstices between the entangled chains (i.e. essentially 
an extreme type of particle bridging). The other possi- 
bility for low b values is use of extrusion since this can 
lead to some approximately aligned cylindrical poros- 
ity due to possible alignment of some particle bridges, 
and especially the stringing out of larger pores or 
organic (e.g. binder) material. 

Moving further in the direction of denser packing of 
particles, this often results from the use of higher and 
more uniform pressure, via isostatic pressing. Extru- 
sion of small bodies at higher pressure and high shear 
forces provides greater opportunity to reduce: (1) par- 
ticle bridging (e.g. obtain better particle nesting) i.e. 
giving higher co-ordination number packing, hence 
higher density; and (2) the extent of organic (e.g. bind- 
er) stringers as sources of approximately aligned cylin- 
drical pores. On the other hand, bodies formed by 
deposition of particles, e.g. by colloidal processes such 
as slip, tape, or pressure casting, also commonly give 
denser particle packing (i.e. higher green density). Hot 
pressing, which of course can much more readily give 
P ~ 0, frequently gives denser packings since relative 
particle motion commonly plays a greater role in hot 
pressing, especially when pressure is applied in the 
earlier densification stages. Similarly, Hot Isostatic 
Pressing of powders (as opposed to sinter-HIPing) can 
lead to denser packing of particles before full densifi- 
cation but also depends on the particles and temper- 
ature-pressure cycles. 

The evaluation of data for comparison with the 
models presented in the next section was conducted 
drawing on as wide a range of data as was practical. 
However, some data were rejected for failing one, or 
(usually) more of the following three selection criteria: 
(1) moderate to low data scatter; (2) a reasonable 
extent of porosity range covered; and (3) the porosity 
range extending to low enough P values to give a rea- 
sonable b value. Obviously, there is an inverse depend- 
ence between the low scatter and a sufficient porosity 
range; i.e. more scatter can be tolerated when the 
porosity range is larger, and vice versa. Most data 
used encompassed a porosity range of 10-30% and 
usually in relation to other data, especially for the 
same investigation. Thus, data with limited porosity 
range and wide scatter within a given set, between sets, 
or both, was not used, e.g. AlzO3-Cr203 data [24] 
(P~  3 to < 9%), except occasionally in conjunction 
with other data (i.e. in some of the figures). The loca- 
tion of the porosity range covered is also an issue, 
mainly in conjuction with the range of the porosity 
itself. A sufficient range of porosity over at least part of 
the range where the porosity dependence is 
transitioning from the approximately linear behaviour 

on a semi-log plot to approach Pc is very valuable in 
defining such transitions. However, if the range of 
porosity is limited and does not reasonably define this 
transition, higher b values will be obtained which do 
not differentiate the models (which utilize the initial 
slope, i.e. extrapolated to the P---0 property value). 
(In principle a slope other than the initial slope could 
be used, but such intermediate slopes are not unique 
to any model, and hence are not by themselves of clear 
use in defining the model and thus the porosity in- 
volved.) Thus, data on MgO, ZrO2 and CaZrO3 indi- 
vidually covering P ranges of < 2 to ~ 6%, in the 
P range of 28-39% [25] (e.g. giving b values of 40 to 
> 70) were not useful for this study. As an added 

guide in avoiding such erroneously high b values, the 
P = 0, i.e. intercept, value of the properties are given 
whenever practical, since this allows comparison with 
other data (and is useful in and of itself). 

Finally, wherever possible, b values obtained by the 
original investigator have been used and identified. In 
the many cases where b values were not available from 
the original study, they were calculated from the best 
visual fit to the data. More sophisticated data analysis 
was judged impractical, and not needed since, for 
example (a) much data is presented graphically and 
cannot be obtained with sufficient accuracy to justify 
more sophisticated analysis, (b) the above selection 
criteria are more important in the validity of the 
analysis, and (c) overall trends are being sought, so 
moderate deviation for individual sets of data are not 
particularly significant where several sets of data are 
involved. No significant deviations between trends for 
b values calculated by the original investigator(s) or 
this author were found, and calculations by this 
author agreed with values of the original investigators 
on their data. 

3. Comparison of property porosity data 
with the models 

3.1. Ceramics 
Table II presents the results of an extensive survey of 
the porosity dependence of tensile strength and espe- 
cially elastic properties of various ceramics at room 
temperature. Table III summarizes the much more 
limited data for hardness and compressive strength of 
ceramic materials versus porosity at room temper- 
ature, and Table IV summarizes data for thermal and 
electrical conductivities of various ceramics versus 
porosity at or near room temperature. This data is 
further summarized (Table V) for various methods of 
powder consolidation where these were identified. The 
first of two key results of this extensive survey is that 
the overall average b value for a wide variety of mater- 
ials and processing is ~ 4. This is as expected from 
Fig. 1, since this is the approximate average over all 
models. The second key result of this survey is that 
there is some differentiation of b values with different 
consolidation methods and this is consistent with the 
expected trend in porosity character with these differ- 
ent methods. Thus, hot pressing consistently gives 
higher b values than does cold pressing with iso-press 
ing and colloidal processing also tending to give higher 
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TABLE IV Summary of ceramic thermal and electrical conductivity-porosity data 

b r (slope values) for 
No. Material Investigator Proc., pb(%) No. Meas. conductivity 

(A) Thermal conductivity 
1 AI20 3 Gardner et aI. [104, 105] H P  0-50 20 4.62 
2 BeO Murray [106] S? 3-50 5 2.5 
3 BeO Nat. BeO [107, 108] S 4 45 4 
4 BeO Powell [109] HP, S 0-30 6 3.2 
5 BeO Elston and Labbe [94] HP 5 43 4.5 
6 UO 2 Hobson et al. [110] S 1-9 4 2.5 
7 UO 2 Van Craeynest and Stora [111] S 1-9 6 3.1 
8 UO 2 Moore and McElroy [112] S? 0-7 3 1.3 
9 UO 2 Ross [113] S 1-23 6 1.6 

10 Silicon Marl Saegusa et al. [114] - 4 1.8 
11 Sandstone Sugawara and Yoshizawa [115] - 10-40 16 2 
12 Graphite Wagner et aI. [116] - 15-40 6 2 

Rhee [117, 118] 
13 AIN Enloe et al. [22] HP, S 0-40 > 30 4" 

(B) Electrical conductivity 
1 ZrO 2 Rutman et al. [119] CP 6-50 5 2.9 
2 TiC (Fibres) Samsonov and Ex 5-30 1.7 (360 gm dia) d 

Matsera [120] 1.8 (490 pm dia) d 
3 ZrC Bulychev et al. [121] Ex 1-30 > 65 2.1 
4 C Belskaya and Ex 0-70 6 1.8 

Tarabanov [122] 

"Processing: HP = hot pressing, S = sintering, (9. means this is assumed from description in paper rather than explicitly stated), 
- means there are no indications of processing in the referenced work, CP = cold-pressed (then sintered), Ex = extruded. 
up = porosity. 

Superscript a designates b values determined by original investigator. 
d Fibre diameters in parentheses. 

TAB L E V Summary of ceramic property-porosity dependence for different processing a 

b Values 

Property Extruded Cold-pressed Iso-pressed Colloidal Hot-pressed 

Young modulus (E) 1.7 • 0.4 (2) b 3.6 • 0.8 (25) 
Shear modulus (G) 2.2 (1) 3.2 + 0.9 (8) 
Bulk modulus 4.0 (1) 
Tensile strength (~) 5.1 + 2.1 (3) 4.0 + 1.1 (3) 
Hardness (H) 4.1 +_ 1.1 (5) 
Compressive 

strength 
Thermal 2.5 • 1 (6) 

conductivity (K) 
Electrical 1.9 • 1 (4) 2.9 (1) 

conductivity 

4 + 0 + 1.2 (14) 3.9 • 1.2 (4) 4.5 • 0.7 (31) 
3.9 + 1.3 (12) 4.3 • 0.6 (17) 

5.1 + 0.8 (8) 
7(1) 4(1) 4.5 + 1.3 (12) 

5.8 + 1.4 (8) 
5.8 + 1.5 (3) 

4.4 _+ 0.3 (3) 

a Values shown are averages and _+ 1 standard deviation where more than value was available. 
b Values in parentheses = number of studies average. 

b values than  cold  pressing,  as expected.  This  t rend  
for h igher  b values for i so-pressed versus cold-pressed  
bodies  is re inforced by  the fact tha t  the  b values for 
Young ' s  modu lus  for samples  tha t  were only  iso- 
pressed and  no t  prev ious ly  d ie-pressed is h igher  than  
bodies  tha t  were first co ld-pressed  then subsequent ly  
i so-pressed  (i.e. some of the lower  densi ty  s t ructure  
f rom die pressing,  e.g. l amina t ions ,  is often difficult to 
remove  by  iso-pressing).  Also note  s imilar  b values for 
bo th  the rmal  conduc t iv i ty  and  Young ' s  and  shear  
modu l i  of  the var ious  ceramics  wi th  a poss ible  
tendency  for somewha t  h igher  yalues  for tensile 
s t rength  and  especial ly hardness  (consistent  with 
ear l ier  studies [1,14]). 

The  above  survey t rends  are  reinforced, and  addi -  
t ional  t rends  are  shown by reference to ind iv idua l  
studies, singly or  in groups.  Thus,  combin ing  different 
inves t iga tors '  d a t a  for the  same mater ia ls ,  typica l ly  
gives average b values of  ~ 4 (e.g. F igs  2 and  3). M o r e  
extensive surveys, e.g. tha t  of A1203 [123] (en- 
compass ing  50-100 d a t a  points)  give s imilar  values. 
However ,  uncer ta in t ies  can still r emain  in intercepts  a t  
P = 0 as well as in where  significant dev ia t ion  from 
the l inear  semi- log t rend  t o w a r d  Pc  occur. F o r  p rope r -  
ties no t  s ignif icantly dependen t  on  gra in  size or  o ther  
mic ros t ruc tu ra l  factors,  e.g. elastic modul i ,  po lycrysa l -  
line values ob t a ined  f rom single crystals  [123] or  

1519 
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Figure 2 Young's modulus versus volume porosity (P) for various 
MgA1204 bodies at 22~ Most bodies were made by sintering, 
usually via cold pressing (CP). However, those of Chay et al. [130] 
and Petrak et al. [-6] were made by hot-pressing (HP). Vertical bars 
represent the range of data (for Bailey and Russell [129]) or the 
standard deviations ((;hay et al). Note: (1) the reasonable agreement 
between the polycrystalline value computed from single crystal 
measurements with the extrapolation of the E -- P data to P = 0, 
and (2) different (higher) b value (heavier solid line) and resultant 
greater scatter if all data is averaged versus focusing on one set of 
data, e.g. Chung et al.'s [127] (dashed and lighter solid line) are 
considered, x Wachtman and Lam [126] (S); [] Terwilliger [128] 
(S); O Schreiber [59] (S); ~ Chung e~ al. (S); [] Lang [125] (CP, 
HP); I Bailey and Russell 1-129] (S); -<> Chay et al. [130] (HP); 
, Chung and Buessem [-124]. 

dense glasses of  the same composi t ion  as the porous  
bodies can be of  great  value in establishing P = 0 
intercepts and in better defining the deviation f rom 
semi-log linearity toward  Pc  (e.g. Figs 2-5). Unfor tu-  
nately, these are no t  used near  enough. Fig. 4 shows 
the b value shift with and wi thout  use of such P = 0 
values (sea also Figs 2 and 8). 

Another  overall t rend cor robora ted  by this survey 
is for higher b values (initial slopes) to be generally 
associated with lower Pc  values, as expected, and their 
association with cited processing trends (e.g. Figs 2-8), 
Thus, slip casting of  fused SiO2 by Harris  and Welsh 
[50] and Tomi lov  [51] (Fig. 5) leads to low Pc  values, 
e.g. < 0.14 and ~0.2,  with higher b values of  ~5 .4  
while Harris  and Welsh's da ta  for slip cast foamed 
SiO2 has a substantially lower b value and a higher 
Pc  value consistent with the presence of considerable 
approximate  spherical porosity.  Sintered M g O  data  of  
Lang  [59,124-128,133] also shows modera te  b values 
for shear (G) and Young 's  (E) modulus  of  M g O  with 
Pc  > 0.24 and p robab ly  > 0.3, whereas hot-pressed 
data  of  Spriggs e t  aI. [42] and Janowski  and Rossi 
[43] clearly show a higher b value (Fig. 3). Similarly, 
the da ta  for sintered M g A l 2 0 4  [125-129]  indicates 
the decrease towards  the Pc  value beginning at 
P < 0.3, consistent with an average b value when the 
significant deviations of  the data  of  Chay  e t  al. [130] 
are recognized by compar i son  with other, e.g. single 
crystal [124],  data. More  definitive is the work  of  
Green  e t  at. [31] showing increasing b values and 
decreasing Pc  values for bulk (B), shear, and Young 's  
modulus  of  cold-pressed AlzO3 (Fig. 6). This is further 
reinforced when their da ta  is combined with much  
earlier similar da ta  of Wilcox and Cutler, i.e. showing 
increasing b and decreasing Pc  values with increasing 
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Green et al. [31] and a, Wilcox and Cutler [131] for differing (listed) 
compaction pressure. Note the expected decrease in Pc values with 
increasing pressure. Green et al. [31] ; [] 18 MPa; �9 69 MPa; 
�9 190 MPa. 

press ing pressure  as expected f rom resul tan t  denser  
par t ic le  pack ing  [-131]. Such b versus Pc  and  process-  
ing t rends  are also shown by the relat ively low slope 
( ~  1.8) for relat ive electr ical  conduc t iv i ty  of ex t ruded  
ca rbon  of  Belskaya  and  T a r a b a n o v  [122] and  the high 
Pc  value  ( > 0.7) versus the h igher  s lope ( ~  2.3) and  
lower  Pc  ( ~  0.4) for c a rbon  and  graphi te  bodies  typi-  
cally m a d e  by  cold  press ing (Fig. 7). Lower  b values 
wi th  ex t rus ion  versus cold  pressing,  the s imi lar i ty  of  

- P and  E - P  behav iou r  (especially in view of  the 
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Figure 7 Relative Young's, shear, and bulk moduli along with 
relative electrical and thermal eonductivities of various graphite and 
carbon bodies at 22 ~ Note the lower slope (b value ~ 1.8) and 
greater Pc value ( > 0.7) for the extruded material of Belskaga and 
Tarabanov [122] versus a higher slope and lower indicated P value 
for typical pressed bodies [116-118]. Note also the excellent overall 
agreement of the various properties for the latter, and that the 
scatter probably reflects porosity variations (inhomogeneity). �9 Be- 
lskaya and Tarabanov [122]; Wagner and Rhee et al.: 
[] E/Eo, G/Go, B/Bo; + C/Ct; x K/Ko. 
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Figure 8 Young's modulus and biaxial flexure strength versus P for 
YBa2Cu30~_~, 22 ~ from various investigators [64, 65, 138 142] 
(see Lewis' [137] compilation). Ex = extruded, CP = cold- 
pressed, TC = tape case, and ? = uncertainty in processing. Note 
a distinctly lower slope (b value) for extruded versus cold-pressed 
bodies and the corresponding lower Pc value for the latter. Note 
also the P = 0 E value from averaged single crystal values 
[139-141]. Ea E x: Alford et al. (Ex); �9 Bridge and Round [65] 
(CP); A, V Ledbetter et al. [139] ; [] Singh et al. (CP); A Round and 
Bridge [142] (CP?); + Almond et al.; ~ Tallon et al.; ~ .  Kusz 
and Murawski, �9 Singh et al. (TC). 

somewha t  higher  a b value  being consis tent  with those  
specimens being tape  cast), and  the use of single crysta l  
der ived P = 0 po lycrys ta l l ine  E values are  all shown 
by a compi l a t i on  of YBazCu307  - x  d a t a  [64, 65, 
137-142].  Whi le  ex t rus ion  might  effect p roper t ies  
by  p roduc ing  preferred or ienta t ions ,  this is no t  
the m a j o r  cause of the difference between the po ros i ty  
dependence  of  ex t ruded  versus o ther  mater ials .  
F i r s t  o ther  forming  processes  can p roduce  preferred 
or ienta t ion ,  t hough  often less than  extrusion.  Second,  
s ignif icant  preferred o r i en ta t ion  wou ld  shift the whole  
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property-porosity curve; i.e. including its P = 0 inter- 
cept (which is not observed). Finally, as noted earlier, 
b values for sound velocities should be about half the 
values for the corresponding elastic property. Thus, 
for example, sound velocities of cold-pressed and sin- 
tered UOz having a b value of 2.1 [132] are consistent 
with elastic property dependence of such processing. 

3.2. Other materials and overall trends 
Relative room-temperature thermal conductivity for 
some fire bricks and mainly sedimentary rock speci- 
mens predominantly show b values of ~ 2 and corres- 
pondingly high Pc values of the order of 0.6 to > 0.8, 
consistent with an expected significant fraction of ap- 
proximately spherical, tubular (or laminar porosity) 
[1, 113, 114]. Substantial relative Young's modulus 
and tensile strength data of various pressed and sin- 
tered metals, mainly by Jernot et al. [133], along with 
some Fe data by McAdam [134], are generally consis- 
tent with the trend for cubic (hence random) stacking 
of uniform spherical particles expected for typical die 
pressing (Fig. 9). The deviation toward lower b values 
than for cubic or random stacking of uniform spheri- 
cal particles is consistent with the expected presence of 
approximately-spherical pores resulting from bridging 
due to varying particle size. Pohl's [135] compilation 
of E-P data for iron made by various routes confirms 
different porosity dependencies for different process- 
ing and resultant different pore structures. This agree- 
ment of metal data with the minimum solid area 
models is strongly reinforced by Salak et aL's [11] 
showing that the exponential relationship was by 
a substantial margin the best fit to the 834 tensile 
strength data points for sintered iron they used with 
a resultant b value of ,-~ 4.3, as well as showing a good 
fit to this relation for the 701 data points or hardness 
of sintered iron, giving a b value of ,-~ 4.9. Similar 
results are seen for relative electrical conductivity for 
the same and similar metals in data of Jernot et al. 

[133] (Fig. 10), again corroborating similar porosity 
dependencies for mechanical properties and electrical 
conductivity. While no data for properties of polymers 
with general pore structures is known, data of Phani 
and Murkerjee [136] for approximately spherical 
pores in cast polymers has previously been shown [1] 
to be in good agreement with the minimum solid area 
for spherical pores (i.e. b values of ~ 3). 

The above results for other materials (i.e. rocks, 
metals and polymers) corroborate all of the trends for 
ceramics (previous section). The common trends for 
mechanical properties and thermal and electrical con- 
ductivities with pore character across a range of ma- 
terials corroborate the common porosity depend- 
encies for such stress and flux dependent properties. 
This was also found for bodies with porosities of 
approximately ideal pore structure [1]. This com- 
monality for different materials, e.g. metals and ceram- 
ics, is important in considering possible variations of 
different mechanical properties (discussed later). Fi- 
nally, it is important to note that there are clearly 
processing-porosity character dependences of proper- 
ties, e.g. Figs 2, 3, 5-10. Other data also show this, e.g. 
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Figure 9 Relative Young's modulus or tensile strength versus P (at 
22~ for various metals. Note reasonable agreement with the 
trends for cubic (hence also an approximately random) packing of 
spherical particles. Most data from Jernot et al. [133], but Fe data 
from McAdam [134]. 

in Larson et al.'s [90], compilation of SiC-P data gave 
an overall b ~ 2.8, but separation of reaction processed 
versus normally sintered SiC gave respectively 
b values of ~ 1.7 and ~3.2 (a typical value for die 
pressed and sintered material), i.e. a distinctly lower 
value for reaction processing. This is consistent with 
previous observations of properties from other pro- 
cessing methods also following very similar trends for 
existing models, but showing the need for refinement 
of the changes of minimum solid area with P for 
different processing methods [1]. 

Detailed evaluation of other models is not practical 
here, but key issues regarding the composite sphere 
models [143,144], which have received substantial at- 
tention, should be noted. First, earlier derivatives of 
this approach by Rossi and Hasselman have been 
shown to be less accurate than the minimum solid 
area approach (see, respectively, [145] and Table I, 
column 3). Second, assumptions of these models, 
namely, that (a) the application of a hydrostatic pres- 
sure to the composite sphere assemblage can ad- 
equately represent the stress and strain response to 
other stresses and that the pressure is uniformly ex- 
perienced by all of the various hollow spheres com- 
prising the model body, and (b) Poisson's ratio (v) can 
either increase and decrease with increasing P, with it 
converging to a fixed value at P = 0.5 or 1, are open 
to question. The level and distribution of stresses and 
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Figure 10 Relative electrical conductivity versus P (at 22~ for 
various metals. Note again the similarity in trend with that for 
Young's modulus, and tensile strength (Fig. 9) and hence again with 
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Data from Jernot et al. [-133]. 

strains are quite dependent on the nature of the stress 
[146], and other models show (v) either independent 
of, or decreasing with increasing, P generally consis- 
tent with data [14]. Two-dimensional computer mod- 
els presented to support this increase, don't address 
how such a model (equivalent to assuming cylindrical 
pores) is pertinent to the assumed spherical porosity. 
Third, evaluation of these (and other models) has 
addressed the significant variations (shown in this 
study, even for the same material and similar process- 
ing, e.g. Figs 2,3,5, and 6) for different pore-processing 
combinations, e.g. tubular pores from extrusion versus 
denser particle packing from hot pressing. While not 
stated, data evaluated to support such models gave 
average b values of 3.6 • 0.8 for E and 3.3 4- 1.1 for G, 
i.e. not reflecting broad evaluation of pore character. 

Understanding effects of pore character on prop- 
erty-P dependance is important for practical, i.e. en- 
gineering purposes, i.e. to directly address process- 
ing-pore character relations. The models of Fig. 1 
provide such guidance. Thus, since the fraction of 
solid is simply 1 - P, design trade-offs between prop- 
erties of interest and the weight of resultant parts are 
readily obtained. The development of ceramic sonar 
transducers with improved hydrostatic sensitivity was 

guided by the models of Fig. 1 [147]. Thus, aligned, 
platelet pores (which behave similar to tubular pores) 
were seen as providing a much improved balance of 
hydrostatic sensitivity and mechanical integrity than 
pores between sintered particles (and not presenting 
sealing problems of either of the other two noted pore 
types). 

Better understanding of property-P relations also 
requires broad understanding of specific variations in 
dependence of some properties, (as discussed further 
below) and of other processes [1]. Thus, refining mod- 
els for the minimum solid area-P dependance for 
other material-process systems such as pores from 
leaching of phase separated, chemically derived (e.g. 
cement and plaster), and composite bodies (by various 
routes, e.g. chemical vapour infiltration (CVI) and 
with various pore-fibre-matrix relations) is impor- 
tant. However, such bodies are clearly expected to 
follow such models, as already shown for plaster [148] 
and CVI [149] bodies. 

3.3. Evaluation and data quality 
A basic question noted earlier is the quality of fitting 
of the models to the data, e.g. as measured by the 
standard deviation in the slope (b) value. While evalu- 
ation of the accuracy of model fitting is common and 
has been a focus of most of the previous studies, it has 
not played an explicit role in this evaluation for two 
reasons. First, quantitative evaluation of statistical fits 
was judged not to be necessary since data with a very 
limited P range or with substantial scatter was used 
only a limited amount, i.e. only in conjunction with 
other data. Second, and more fundamental, is the 
widely neglected fact that even data which is extensive 
and shows limited scatter is probably often of poorer 
quality than implied by the standard deviation or 
other measures of the "quality" of the data. 

The basic data quality problem, especially for cer- 
amics, that is almost universally neglected by investi- 
gators, is theissue of the homogeneity of the porosity. 
Lang et al. [125] were apparently the first to point this 
out. They noted that tests with different vibration 
modes (thus shifting the position of maximum stress in 
specimens) or different sized samples cut from the 
same piece of material typically resulted in consistent 
mechanical (e.g. elastic) property behaviour for well 
developed materials of high homogeneity (e.g. well- 
developed glasses and metals). However, they showed 
that normally such tests of ceramic materials gave 
differing results reflecting varying degrees of in- 
homogeneity. Subsequently, Spinner et aI. [12] 
showed in their tests of ThOz as a function of porosity 
that they were not homogeneous. In fact they showed 
that variations generally increased with the amount of 
porosity as would be expected (Fig. 11). Similarly, Wu 
et al. [32] showed that differences in Young's modulus 
of B4C at the upper limit of P (~ 15%) were as much 
as 13%, depending upon whether porosities of the 
actual bars measured, or the porosities of the original 
hot-pressed plates from which the bars were obtained, 
were used. Another important test of the homogeneity 
of the samples (or of the consistency of testing) is to 
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Figure 11 Deviations in Young's modulus versus P from Spinner et 
al.'s measurements of sintered ThOz samples tested in various 
vibration modes (at 22 ~ [-12]. Their comparison was of vibrating 
bars edgewise versus ttatwise (circles) and endwise (i.e. longitudinal) 
versus flatwise (squares) to determine Young's modulus. Since dif- 
ferent modes stress different areas of the sample, this shows hetero- 
geneity, which increases with P. 

compare different directions of measurement (e.g. of 
elastic or conductivity properties) or comparison of 
inter-related (e.g. various elastic) properties [14]. 
Thus, comparison of Young's modulus with shear or 
bulk modulus or both is very useful. In particular, 
calculation of the Poisson's ratio and its dependence 
on porosity can be of considerable value, since it is 
a fairly sensitive indicator of differences, e.g. between 
E and G. Most models show no dependence~of Pois- 
son's ratio on porosity; some show Poisson's ratio 
decreasing with increasing porosity; none show it in- 
creasing with increasing porosity [14]. However, as 
noted earlier, while data of Chung e t  al. for MgO 
showed a substantial decrease of Poisson's ratio with 
increasing P, data of Spriggs e t  al. [42] and Soga and 
Anderson [13] showed a moderate increase in Pois- 
son's ratio with P and data of Soga and Anderson 
[150] show a somewhat greater increase of Poisson's 
ratio with P. Thus, not only is there variability be- 
tween the data sets, some trends are also inconsistent 
with theoretical expectations, which may reflect het- 
erogeneity of the porosity. Although only about 
a quarter or less of the investigations of elastic proper- 
ties allow calculation of Poisson's ratio as a function 
of porosity, there is still a considerable number that 
allow this as a possible indicator of heterogeneity. In 
view of these questions of the quality of much prop- 
erty-porosity data, it is both surprising and disap- 
pointing that use of polycrystalline values calculated 
from single crystal data is so limited (Figs 2~4, 8). 

3.4 Mechan ica l  p rope r t y  va r i a t i ons  
All properties dependent on minimum solid area will 
be affected by porosity heterogeneities discussed 
above. Properties not changing the test specimen (or 
area) and reflecting spatial averages, e.g. elastic and 
conductive properties, will be affected less by such 
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heterogeneities. Mechanical properties that change 
the specimen or test area, for example by fracture, are 
potentially more susceptible to such variations, often 
in proportion to the scale and extent of change. How- 
ever, hardness, and probably some wear tests, can be 
quite susceptible, e.g. due to indents being made less 
clear or of uncertain interpretation due to their inter- 
action with heterogeneous porosity often being dis- 
carded as "bad" values. 

There are also important variations that can occur 
due to crack-pore interactions that can be affected by 
heterogeneities in the porosity distribution, but are 
also probably intrinsic and depend on the scale of 
crack propogation, particularly of a single crack. 
Thus, particularly significant deviations can occur in 
fracture energy and toughness tests, where larger scale 
cracks have increased opportunity to develop crack 
bridging or branching via interaction with the pore 
structure that has little, or no, relation to effects on the 
scale of cracks controlling tensile strength [1, 151, 
1523. 

In tensile testing, larger pores, or pore clusters, may 
affect, or in the extreme become, the failure initiating 
flaws, and hence affect strength [153-158], via the flaw 
size, geometry, and location, in addition to effects via 
fracture toughness Km (and hence via E and fracture 
energy 7) [150]. However, the cases where such effects 
are dominant are limited, mainly where there is ex- 
treme pore size (since most pores are small in compari- 
son to the flaw sizes) [152]. The primary cases where 
pores are fi'acture origins are with isolated pores or 
pore clusters in relatively dense bodies often in associ- 
ation with heterogeneities of grain size, composition, 
or both [154,159]. When pores are the source of 
failure, they will change the strength-porosity trends 
significantly only when the resultant flaw size is signif- 
icantly larger than other flaws that would have other- 
wise caused fracture. Further, in such cases, b values 
will be affected most by variations in the size of such 
large pores with P. Recently some strength-porosity 
variation due to porosity heterogeneity effects on ma- 
chining flaws has been shown, [152] but mainly on 
highly elongated flaws. 

Compressive strengths should also be affected by 
porosity heterogeneities, but suc'n effects would ap- 
pear to be more limited, since it is a cumulative dam- 
age process, thus typically involving many pores 
[160,161]. It has also been suggested as possibly hav- 
ing a higher porosity dependence due to its cumulative 
damage nature, hence possibly being affected by pore 
shape effects Beyond those reflected in minimum solid 
area [14]. Similar possibilities were suggested for 
hardness [14]. However, the database for these sug- 
gestions is limited, and did not have the benefit of 
evaluating effects of processing-pore character of this 
study. The overall similarity of elastic--, strength-, 
hardness- and electrical or thermal conductivity- por- 
osity dependencies shows that minimum solid area 
models are valid. This is also shown by the commonal- 
ity of the porosity dependance for metals and ceramics 
since ductility in metals would limit their susceptibility 
to effects of porosity heterogeneities and pore shape 
and size effects, so greater metal-ceramic differences 



TABLE VI Porosity dependence on dielectric constant 

Material Processing" pb (%) No. points c B a Investigator 

SiO 2 S 3-85 > 18 0.84 Gannon et al. [-162] 
SiO2 S 3-83 > 14 0.9 Harris and Welsh [50] 
SiO 2 S 8-16 65 0.9 Harris and Welsh [50] 
SiO2 Foamed gel 50-80 6 0.8 Fujiu et aI. [163] 
Borosilieate glass S 5-43 14 0.9 Sacks et al. [164] 
TiOz S 5-38 13 1.5 Messer [165] 
( + 14% ZrO2) 
PZT S 3-16 8 1.4 Biswai [166] 
PZT S 6-25 16 1.6 Hsueh et aL [167] 
Si3N4 RS 22-32 4 1.2 Walton [168] 

"S = Sintering, RS = reaction sintering. 
b Volume fraction porosity (given as %). 
c Number of data points ( > indicates some data points reflected more than one measurement). 
a Of Equation E = E0 (1 -- BP), P = volume fraction (not %) porosity. 

would occur if these dominated behaviour. However, 
as discussed elsewhere [1], the above issues are areas 
for possible refinement of the models. Such models are 
important because of their simplicity (especially for 
handling the real range of pore structures), and their 
applicability to a range of properties and materials 
over the whole range of achievable porosity. 

3.5. Properties not following minimum 
solid area models 

While minimum solid area models have broad ap- 
plicability, as noted earlier, properties primarily, or 
exclusively, dependent on mass should instead follow 
a rule of mixture (and hence be independent of the 
character porosity) rather than minimum solid area 
relations. Of the possible properties dependent mainly 
on mass, e.g. heat capacity, refractive index (n = K~), 
or dielectric constant (K -- n2), only a reasonable 
quantity of data was found for the latter. For  this, the 
rule of mixtures gives 

K = K s ( 1 - P ) + K p P  (2) 

where Ks and Kp a r e  the dielectric constants, respec- 
tively, of the solid and the pores. Since P < 1 (com- 
monly < 0.5), and Kp ~ 1 

K ~ Ks (1 -- B P )  (3) 

a linear expression commonly used (where ideally 
B = 1). Note that plotting such a linear relation with 
B = 1 on a semi-log plot yields b ~  1; thus, very low 
b values can be an indicator of a linear relation. 

Literature data [50, 162-1681 were found to fit 
Equation 3 reasonably well (as often shown by the 
investigators themselves). While there are deviations 
of B from 1, they are usually not large, and B averages 

1 (Table VI). Further, deviations of B below 1 are 
consistent with the fact that Kp~  1, not 0, which 
effectively reduces B. The high values of B are asso- 
ciated with higher K values, especially for TiO2 and 
lead zirconate titanate (PZT), where charging effects 
within fine pores could be a factor. (This is supported 
by the fact that in Biswa's [166] PZT where part of the 
porosity was large spherical pores, which should ex- 
hibit less such charging effect, gave a somewhat lower 

B value.) Variability of the B values again probably 
reflect porosity inhomogeneity, i.e. giving variable 
P levels in test samples cut from fabricated specimens, 
whose measured P values were assumed to be uniform. 

4. Summary and conclusions 
An extensive survey of the porosity dependence of the 
room temperature physical properties of materials 
shows that properties dependent on local flux or fields 
in the materials are consistent with minimum solid 
area models. Pertinent properties evaluated are elastic 
properties, tensile (flexure) and compressive strength, 
hardness, and electrical and thermal conductivities. 
Properties dependent on changes in the specimen or 
area tested, i.e. fracture and hardness may be more 
susceptible to effects of porosity heterogeneity and 
give broader variations. However, they still generally 
follow homogeneous minimum solid area models, un- 
less there is extreme heterogeneity. 

For  properties following the minimum solid area 
models, overall consistency with the models is shown 
by the overall shape of the property-porosity curves. 
Thus, at lower P the log property versus P is an 
approximately straight line, which then gives way to 
a progressively more rapid property decrease with 
further increase in P, which is terminated by a precipi- 
tous property drop to zero at a critical P value (Pc). 
Typically, the linear trend occurs over approximately 
the first half of the P = 0 to Pc range. Data is consis- 
tent with lower linear slopes (b values) correlating with 
higher Pc values (e.g. > 0.5) associated with less dense 
particle packing and more open structures. Further, 
while low pressure extrusion gives low b values (e.g. 
~2)  consistent with expected elongated pores (e.g. 
from elongated areas of binder), die pressing and iso- 
pressing tend to progressively fall in between as ex- 
pected, from their progressively intermediate particle 
packing, with colloidal processing and hot pressing 
giving higher b values consistent with denser particle 
packing. 

Properties that should be determined more, or ex- 
clusively, by the volume fraction of solid mass fall 
above the minimum solid area models, as expected. 
Thus, dielectric constant was shown to follow the 
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commonly used linear relationship, an approximation 
of the expected rule of mixtures relationship. 

Since completing this paper two studies of the 
flexure strength dependance of hot pressed NiO on 
porosity at 22 ~ have been found reporting b values 
of 4.2 and 5.7, in good agreement with results in Table 
V [169, 170]. 
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