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Abstract 

An experimental investigation was performed to 
understand the mechanical properties of alumina with 
moderate amounts of porosity (-2040’5%). Young ‘.s 
modulus, strength and fracture toughness showed 
similar behavior as a function of the degree of sinter- 
ing. For low sintering temperatures (<105O”C), the 
mechanical properties were found to change sign@ 
cantly with only minimal denst@cation. and this was 
considered to be due to neck growth by surface dtJ%- 
sion. At these temperatures, increases in sintering 
time resulted in further increases in Young’s modu- 
lus. The Young’s modulus and fracture toughness 
data agreed well with modifications to a recent the- 
ory. The critical crack size in these porous materials 
calculated from the strength and fracture toughness 
data was found to increase slightly as the sintering 
temperature was increased. It was concluded that sig- 
mficant improvements in the mechanical properties oj 
porous ceramics can be obtained by control of the 
sintering process, and in some cases these improve- 
ments can be made with minimal denstpcation. 

accomplish this goal, the interrelationship between 
processing, structure and mechanical properties of 
porous materials must be understood. The most 
common way of processing moderately porous 
ceramic materials is by sintering powder compacts 
to a fixed degree of densification. During this pro- 
cess, the particles coalesce by the formation of 
necks, and the particles usually undergo grain 
coarsening and other geometric changes. The aim 
of the current study was to measure the room- 
temperature mechanical properties of a partially 
sintered alumina, i.e. Young’s modulus, fracture 
toughness and strength, and relate these properties 
to the sintering process. 

2 Background 

1 Introduction 

There are many technological applications in 
which porous ceramic materials are utilized. For 
example, high-porosity cellular ceramics can be 
used for molten-metal filters, radiant burners, 
lightweight cores for sandwich panels, etc. In 
other cases, ceramics with moderate amounts of 
porosity are needed, e.g. as particle filters, catalyst 
supports and sensors. For structural components, 
the presence of porosity may be useful in reducing 
the weight of the component, whereas for non- 
structural components, porosity may be essential 
for other functions, such as permeability or a high- 
surface-area substrate. For both structural and 
non-structural applications, however, improve- 
ments in the mechanical properties and control of 
strength variability are expected to increase the 
overall reliability of the material. In order to 

In order to understand the effect of porosity on 
mechanical properties, researchers have usually 
emphasized the volume fraction and geometry of 
the porosity. In some recent studies-’ however, 
there has been an attempt to relate the mechanical 
properties to the microstructure of the solid phase, 
linking the properties to neck growth, particle 
coordination, solid phase contiguity, etc. Green 
and coworkers 2*6 have demonstrated a dramatic 
increase in the strength and elastic moduli of alu- 
mina with no change in pore volume. This sharp 
increase in stiffness with minimal increase in den- 
sity was attributed to neck growth by surface diffu- 
sion, the dominant mechanism in the sintering of 
alumina at temperatures below -1000°C. Using a 
simple model for the initial stages of neck growth 
that emphasizes the solid microstructure, Green et 
al. suggested’*’ 

(BIB,) = [3Nr( I-2v0)]l[8kR( l-vi)] (1) 

where B is the bulk modulus of the porous com- 
pact, B,, and V, are the bulk modulus and Pois- 
son’s ratio of the particle, r is the neck radius, N 
is the particle coordination number, R is the 
radius of the particle and k is a geometric constant. 
According to this model, for a given material the 
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relative bulk modulus is proportional to the coordi- 
nation number and the neck-to-particle radius ratio 
(r/R). By combining eqn (1) with the established 
relationships for neck growth, it is then possible to 
relate the elastic moduli of a porous material to the 
sintering mechanism. *,’ For the case of alumina, the 
elastic constants were found to be consistent with 
the sintering mechanism of surface diffusion at the 
lower sintering temperatures and volume diffusion 
at the higher.* The increase in strength for alumina 
without any densification6 is particularly intriguing, 
as it implies that one can control the strength of a 
porous material through manipulation of the sin- 
tering process. 

In order to obtain further support for eqn (l), 
Nanjangud and Green7 measured r/R for partially 
sintered glass spheres from observations of the 
fracture surface. The study demonstrated that a 
linear relationship between Young’s modulus and 
the radii ratio was not unreasonable. Moreover, 
the study again showed that the elastic properties 
could be related to the sintering mechanism (vis- 
cous flow) and good agreement was obtained 
between the viscosity data obtained in this manner 
and previous literature data.’ In order to under- 
stand the strength behavior of a porous material, 
information is needed on the fracture toughness 
behavior, and obtaining such data was the pri- 
mary focus of the current study. 

Mechanical property data on porous alumina 
has recently been gathered by Lam et aL8 and they 
suggested the elastic constants and fracture tough- 
ness should be directly proportional to the degree 
of densification, i.e. 

E K,c_1_p _=-- 
Eo &CO ( 1 PI 

(2) 

where E and E. are the Young’s modulus values 
of the porous and theoretically dense materials, 
respectively, K,, and Klco are the fracture tough- 
nesses of the porous and dense materials, respec- 
tively, P is the fractional porosity and P, is the 
fractional porosity in the green state. By postulat- 
ing an equation for the change in the crack size 
that initiates failure in these materials, Lam et aL8 
also put forward a theoretical relationship for the 
strength behavior of porous materials. Equation 
(2) clearly runs into difficulties for materials that 
undergo sintering without densification, and thus 
it was suggested recently’ that the theory for the 
Young’s modulus can be modified to 

(g$)=(l-5) (3) 

where E’ is the Young’s modulus at the onset of 
densification. 

3 Experimental Procedure 

Porous samples were processed by the partial sin- 
tering of powder compacts to various tempera- 
tures using a commercially available alumina 
(Malakoff Industries, TX., >99.99% purity, median 
particle size = 0.38 pm). 

3.1 Sample processing 
Bar specimens were used for the Young’s modulus 
and fracture toughness. determinations and -10 
individual bars were uniaxially dry-pressed at a 
pressure of 17 MPa for each batch. The specimens 
were also isostatically pressed to a pressure of 172 
MPa. The specimen dimensions were typically 7 
mm X 4 mm X 45 mm. The various batches of 
material were sintered to different temperatures 
ranging from 800 to 1600°C. The sintering was 
conducted in air with a heating rate of 10Wmin 
and a dwell time of 2 h at the maximum tempera- 
ture. At the end of the isothermal hold, the sam- 
ples were allowed to cool at a rate of about 
5Wmin. Some isothermal sintering experiments 
were also conducted at temperatures of 900, 1050, 
and 1200°C for times up to 78 h. 

Specimens for Young’s modulus and strength 
testing were in the form of discs. Powder was 
introduced into a steel die with a diameter of 25.4 
mm and uniaxially pressed to a stress of 45 MPa, 
but these samples were not isostatically pressed. 
The sintering procedure was identical to that for 
the bars. The densities of the bars and discs were 
both calculated from simple volume and mass 
measurements and the densities within the batches 
varied by less than 1%. 

3.2 Young’s modulus measurements 
The Young’s modulus of the bars was determined 
using a dynamic resonance technique from9T’0 

2 

E = 0.94642Cp (4) 

where E is Young’s modulus, L is the sample 
length, f is the fundamental flexural resonance fre- 
quency, h is the beam height, p is the density and 
C is a shape factor. The parameter C is dependent 
upon Poisson’s ratio and values for a porous alu- 
mina were taken from a previous study.* This 
approach was considered to be acceptable as Pois- 
son’s ratio has only a small effect on the magni- 
tude of C. 

The Young’s moduli of the discs were deter- 
mined by an ultrasonic sound velocity technique. 
Longitudinal sound waves were transmitted 
through the thickness of the discs by means of a 
wave pulser and a 12.7-mm diameter, dry contact, 
10 MHz transducer (Ultran Laboratories, Boals- 
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burg, PA). The transit-time measurement was 
made in the pulse-echo mode and E was calcu- 
lated using 

E = v2Lp(l + v) (1 - 241 
(5) 

(1 - v) 

where v is the longitudinal sound velocity, p is 
density and v is Poisson’s ratio. The Poisson’s 
ratio values for porous alumina were obtained 
from the literature.2 Ten samples for each sinter- 
ing temperature were measured, and the average 
Young’s modulus values were calculated. 

3.3 Strength testing 
The strengths of the discs were measured using a 
‘piston on three ball’ biaxial flexure test.” The 
load was applied using a commercial mechanical 
testing machine (Instron Corporation, Model 
4200, Canton, MA.). The equation for calculating 
strength depends on Poisson’s ratio, and again 
values were obtained from literature.2 The fracture 
strength for each batch was taken as the average 
of the strengths of the individual samples. The 
discs broke into three or four pieces with the 
cracks originating from the center of the tensile 
side of the specimens. 

3.4 Fracture toughness measurements 
Fracture toughness values (K,,) were measured 
using a four-point bend chevron-notch test.12 22 
This method was chosen to ensure the introduc- 
tion of sharp cracks in these fragile porous materi- 
als. The details of the notching procedure are 
given elsewhere. 23 Fracture toug hness values were 
determined using the analysis of Munz et al. I2 The 
major and minor spans of the bend fixture were 
38.1 and 12.7 mm, respectively, and the crosshead 
speed was 0.05 mm/min. In the chevron-notch 
test, crack growth must proceed stably through 
the maximum load and the presence of stable 
crack growth was confirmed by the shape of the 
loaddisplacement curve obtained for each speci- 
men. If stable growth occurred, the top of the 
curve would be rounded, whereas a catastrophic 
failure would give an instantaneous drop in load. 

3.5 Microstructural characterization 
Scanning electron microscope observations were 
made on planar sections of the samples to study 
the microstructural changes as a function of the 
degree of sintering. It is difficult to polish porous 
samples without damage, so vacuum impregnation 
with a cold-mounting epoxy (Epofix HQ, Struers, 
Westlake, OH) was used to fill the pores and 
strengthen the samples for polishing. The epoxy 
was heated to 50°C to reduce the viscosity, and 
then pieces of the broken discs were dropped into 

the epoxy in a vacuum chamber. The vacuum was 
released after 15-30 s to prevent the epoxy from 
vaporizing. The samples were then mounted for 
polishing in a different epoxy (Ml35 Fast Cure 
Epoxy, Metlab, Niagara Falls, NY). The infil- 
trated samples were polished to a 0.2-pm dia- 
mond paste finish. After polishing, the samples 
were heated on a hot plate and removed from the 
softened epoxy. The samples were then heated to 
500°C to remove the infiltrated epoxy and, as a 
final step, were cleaned in acetone prior to micro- 
scopic observation. 

4 Results and Discussion 

Figure 1 shows the changes in the relative density 
of the alumina bars with sintering temperature. 
The densities of samples sintered to < 1100°C are 
relatively unchanged and densification occurs at 
the higher temperatures. The Young’s modulus 
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Fig. 1. Density of glass specimens after sintering at various 
temperatures, showing the onset of densification at -1050°C. 
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Fig. 2. Comparison of the room temperature Young’s modu- 
lus values for porous alumina specimens after sintering to 
various temperatures as a function of the degree of densifkation 

with eqn (3). 
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data for the bars and discs are given as a function 
of the degree of densification in Fig. 2, i.e. D = 1 - 
(P/Pi). As with the earlier studies,*T6 there is a dra- 
matic increase in the Young’s modulus for speci- 
mens subjected to the initial stages of sintering 
with very little increase in density, reflecting neck 
growth by surface diffusion. It is also important to 
note the E data for both bars and discs fit a single 
function, even though there was a difference in 
their respective green densities, i.e. 58% and 54% 
theoretical density. In terms of eqn (3), the data 
show an excellent fit, using E/E, = 0.06. It would 
appear that the modification to eqn (2) is very 
useful, but it is still incapable of describing the 
changes in modulus that occurs for D = 0. For 
these cases, in which non-densifying sintering mech- 
anisms are active, approaches such as that outlined 
in eqn (1) show more promise, but information on 
the changes in the r/R ratio and coordination num- 
ber is difficult to obtain, especially when using 
sub-micrometer powder as a starting material. 

Isothermal sintering was conducted at 900, 1050 
and 1200°C and the Young’s modulus data are 
shown in Fig. 3 as a function of the sintering time. 
For the 900°C and 1050°C sintering schedules, the 
modulus was substantially increased with no 
significant change in density (< 1%). This effect 
could be of technological interest in that Young’s 
modulus can be doubled for this range of sintering 
times. For the 1200°C specimens, the modulus 
increased more dramatically, but the density was 
found to increase at a similar rate. As with the earlier 
study,* the variation in the elastic constants observed 
in the current study is consistent with a change in 
the dominant sintering mechanism, i.e. from 
surface diffusion to volume diffusion at -1050°C. 
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Fig. 3. Room-temperature Young’s modulus values for 
porous alumina specimens after sintering at 900, 1050 and 
12OOT for various times. These changes occur without 

significant densification at the two lower temperatures. 
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Fig. 4. Room-temperature fracture toughness values for porous 
alumina specimens after sintering to various temperatures as 
a function of the degree of densification. For small D, there is 
significant deviation from the theory of Lam et al.’ Improved 
agreement is obtained using the proposed modification of eqn (6). 

Mode I fracture toughness values (Kit) are 
given as a function of D in Fig. 4 and are com- 
pared with eqn (2). The experimental data of Lam 
et al.’ is also included in Fig. 4 and comparison 
with the theory for both data sets shows good 
agreement for D 2 0.1. The growth of the necks for 
D = 0 leads to a significant increase in fracture 
toughness and shows a strong similarity to the 
elastic constant data. For a density of 65.4% theo- 
retical, the fracture toughness has increased to 
1.06 MPa drn, which is a relatively significant 
value. To place this value in perspective, one 
should note that the value exceeds that of dense 
soda-lime-silica glass (-0.7 MPa dm). The discrep- 
ancy with eqn (2) for small D suggests that eqn (2) 
for fracture toughness could be modified in the 
same fashion as the equation for Young’s modulus 
(eqn (3)), i.e. 

where K’,c is the fracture toughness at the onset of 
densification. The modification to the theory is 
shown in Fig. 4 using KiclK,,’ = O-06, and the fit 
is excellent. A model has been developed that con- 
siders the fracture toughness of a partially sintered 
body in terms of particle neck failure.23 Such a 
model would be supported by the increase in frac- 
ture toughness seen in Fig. 4 for D = 0, similar to 
the way in which the elastic data in Fig. 2 sup- 
ports eqn (2). An important difference with the 
elastic problem is that failure may not necessarily 
pass through the interparticle necks.7 For the cur- 
rent work, there was not enough direct evidence 
to test and support the model. 

The biaxial flexural strengths of discs are plot- 
ted against relative density ‘in Fig. 5. As with 
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Fig. 5. Room-temperature biaxial flexure strength for porous 
alumina specimens after sintering to various temperatures as 

Fig. 6. Correlation between the relative Young’s modulus and 
the relative fracture toughness for bar specimens. 

a function of the percentage theoretical density. 

Young’s modulus and fracture toughness, there is 
a relatively large increase in strength for speci- 
mens sintered at temperatures below 1100°C. 
These data show that significant gains in strength 
of porous ceramics can be obtained with minimal 
densification. This flexural strength data, along 
with the Young’s modulus and fracture toughness 
data, is very encouraging in that it demonstrates 
that the mechanical properties of a porous mate- 
rial can be enhanced at a particular density by 
control of the sintering mechanism. 

The relationship between the strength of a brit- 
tle ceramic and its mode I fracture toughness is 
given as 

was found not to have a strong influence on the 
crack size calculation. Thus, the fracture tough- 
ness of the specimens used in the strength testing 
was estimated from the E values. The critical 
crack size, as calculated from eqn (5), is shown in 
Fig. 7 as a function of the sintering temperature. 
The value of Y = 2/47r was used in the calculation, 
i.e. the value established for circular cracks of 
radius c. The critical crack size increased from about 
45 to 70 pm as the degree of sintering progressed. 
At these high porosity levels, it is assumed that 
the major flaws are interconnected pores and it 
has been shown previously that pore sizes are 
expected to increase in alumina during the initial 
stages of sintering. 24 The data in Fig. 7 contrast 
strongly with the idea that the critical crack size 
decreases with increasing D, as suggested by Lam 
et al.* One suspects that the critical flaw evolution 
process may be rather complex and it may be 

KIC 
uy = --_ (7) 

Ydc 

where a, is fracture strength, Y is a geometric con- 
stant and c is the critical crack length. Thus, the 
critical crack size can be calculated if a, and K,, 
are known for a given material, and this gives 
insight into the failure process. In the present study, 
both nf and K,, were measured, but not for the 
same sample geometry. The fracture toughness 
tests were conducted on bars, whereas discs were 
used for the biaxial flexure strength measure- 
ments. The difficulty in performing the crack size 
calculation was that the difference in specimen 
geometry for the toughness and strength tests gave 
rise to slight differences in green density. As 
Young’s modulus was measured for both speci- 
men types, it was postulated that K,, could be 
empirically determined for the strength specimens 
from the correlation between K,, and E. Equation 
(2) suggests that (E/E,) = (K,c/K,co) and as shown 
on Fig. 6, this approach gives a strong correlation 
even when D = 0. Higher-degree polynomials 
could be used in this fitting procedure, but this 
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Fig. 7. Critical crack sizes calculated from the biaxial flexure 
strength and estimated fracture toughness data, assuming a cir- 
cular flaw geometry, as a function of the sintering temperature. 
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tion between strength and Young’s modulus, as 
shown in Fig. 8. 
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Fig. 8. Empirical correlation between biaxial flexure strength 
and relative Young’s modulus. The strengths were normalized 

by the strength at the highest density, 357 MPa. 

preferable to measure both strength and fracture 
toughness and obtain empirical information on 
the changes in critical crack size. For the current 
work, the critical crack sizes show a fairly smooth 
variation with increased sintering and as there is a 
strong correlation between fracture toughness and 
Young’s modulus, one also finds a strong correla- 

Figure 9 shows micrographs for samples sin- 
tered at 800, 1000, 1100 and 1200°C. Up to 
105O”C, there is no obvious change in particle size 
or coordination, but some neck growth can be 
discerned. Above 1050°C the increased density of 
the structure becomes apparent as clusters of par- 
ticles coalesce into a chain-like morphology. 

5 Summary and Conclusions 

The Young’s modulus, strength and fracture 
toughness of alumina with moderate amounts of 
porosity (-20%) showed similar behavior as a 
function of the degree of sintering. For low sinter- 
ing temperatures (< lOSO’C), these mechanical 
properties change with only minimal densification 
and this was considered to be due to neck growth 
by surface diffusion. At these temperatures, 
increases in sintering time can also be used to 
increase Young’s modulus. Modifications to a 
recent theory that considers the relative Young’s 
modulus and relative fracture toughness to be 
dependent upon the degree of densfication showed 
very good agreement with the experimental data 
after densification had initiated. For the present 

Fig. 9. Scanning electron micrographs showing specimens sintered at (a) 8OO”C, (b) 1000°C (c) 1100°C and (d) 1200°C. 
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study, the critical crack size in these porous mate- 
rials was found to increase slightly as the sintering 
temperature was increased. Overall, this work 
shows that significant improvements in the 
mechanical properties of porous ceramics can be 
obtained by control of the sintering process and in 
some cases, with minimal densification. 
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