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Abstract

Magnesium matrix composites reinforced by three dimensional (3-D) network structure were fabricated by pressure-less
infiltration technology. The 3-D network structure reinforcement and its composites exhibited special topology structure
and different fracture characteristic. Metal matrix fractured in a ductile mode is manifested by small dimples and craters on
the fracture surface. When the volume fraction of reinforcement is not in excess of 6%, the composite had an improved
fracture toughness. This is because of the relatively homogeneous Si3N4 particles distributed in the metal matrix and
the occurrence of interface reaction product such as MgAlO2 spinel phase. With the increases of volume fraction of rein-
forcement (>6%), the fracture toughness decreases slowly at the initial stages and then decreases rapidly towards the end.
Therefore, the main fracture failure mechanisms consist of crack nucleation, growth, coalescence and crack propagation.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, magnesium alloys have shown to pos-
sess prominent application in the automotive, high-
way, aerospace and electronic industries where
weight reduction is an important requirement. Die
casting and semi-solid processing of thixotropic
molding are the principal techniques for the fabrica-
tion of magnesium components. An Mg–Al–Zn
(AZ91) alloy is the most widely used cast magne-
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sium alloy, because of its superior combination of
high strength at room temperature, good castability
and excellent corrosion resistance. However, the
poor high temperature properties of these alloys
and high cost of fabricating processes have limited
their use to certain specific applications [1–3]. In
order to improve the high temperature properties
and reduce the cost in practice, brittle properties
are interpenetrated into the ductile magnesium alloy
matrix. Interconnected, inter-twisted and interpene-
trated composites are thus formed resulting in some
novel and strong composites. The composites rein-
forced by 3-D network structure (3-DNSMMC)
exhibited large controlled properties not only in
terms of thermal conductivities but also in electrical
.
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conductivities for the automobile, chemical and
aerospace industries [4–6].

3-DNSMMC are now fabricated by a variety of
techniques such as stir casting (SC) [7,8], mechanical
alloying (MA) [9], powder metallurgy (PM) [10],
squeeze cast (SQC) [11], molten metal infiltration
(MMI) [12] and self-propagating high-temperature
synthesis (SHS) [13,14]. Among all the techniques
available for processing of metal matrix composites,
infiltration of molten metals into reticulated porous
ceramic preforms is the only technique suitable for
fabricating high volume fraction (>50%) MMCs.
Molten metal infiltration can be classified into three
categories based on the source of driving force: pres-
sure assisted, vacuum driven and pressure-less or
capillarity driven [15]. Expensive tooling associated
with pressure assisted infiltration and the limitation
on the extent of pressure gradient that can be gener-
ated using vacuum, led to the exploration of new
infiltration techniques such as pressure-less infiltra-
tion. Generation of positive capillary pressure when
a molten metal comes into contact with a solid
metal or ceramic is the governing principle of pres-
sure-less infiltration [15]. The mechanical properties
of MMCs such as elastic modulus and strength are
controlled to a large extent by this fabricating tech-
nology. Especially, it is indicated the interface cohe-
sion between the reinforcing phase and matrix is the
important factor. A strong interface permits trans-
fer and distribution of load from the matrix to the
reinforcement, resulting in an increased elastic mod-
ulus and strength. On the other hand, an apparently
weak bond at the reinforcement–matrix interface
allows the reinforcing phase to pull out off the
matrix before their full strength can be utilized.
However, owing to the existence of brittle phases
in inner of composites, some mechanical properties
of 3-DNSMMC exhibit decreased trend. Deteriora-
tion of fracture toughness of composites reinforced
by brittle phase has limited the wide applications at
a certain extent. It has a great deal of significance
for investigator to shed light on the fracture mecha-
nisms of composites. There are more and more fac-
tors to affect the fracture toughness value such as
the volume fracture of reinforcement, microstruc-
ture and interface characteristic, all those factors
can be shown in fractography of composites. There
are a lot of papers to research the fracture charac-
teristic of metal matrix composites. Optimization
of the fatigue crack arrest ability of unidirectional
continuous fibre reinforced metal matrix composites
is investigated by considering the damaging pro-
cesses of interfacial debonding and fibre bridging
[16]. A study of crack tip damage development
and crack growth resistance of aluminum 359/20%
silicon carbide and aluminum 6061/20% particulate
reinforced metal matrix composites has been con-
ducted [17]. A micromechanics-based elastoplastic
and damage constitutive model is proposed to pre-
dict the overall mechanical behaviour of particle-
reinforced metal matrix [18]. However, there are
few paper to research the fracture characteristic of
the metal matrix composites reinforced by the retic-
ulated porous ceramic. In the present study, a retic-
ulated porous ceramic (RPCs) was fabricated by
twice immersing and twice sintering process, a
magnesium matrix composite reinforced by three
dimensional network structure was fabricated by
pressure-less infiltration, the microstructure of this
composite and its reinforcement were discussed
and the mechanical properties of composite were
tested. The target of the paper mainly concentrated
on discussing the fracture characteristic in fracto-
graphy of Mg–Al–Zn–Si3N4 composites.

2. Experimental procedure

2.1. Fabrication of RPCs

A reticulated polyurethane (PU) was chosen as a
template to prepare the porous preform by replica
technology. Silicon nitride (b-Si3N4, diameter 6
100 lm, Shanghai Silicon Materials Plant, China)
was chosen as starting material. The microstructure
of silicon nitride powder was shown in Fig. 1(a).
Aluminum fine powder (which was shown in
Fig. 1(b) (Al P 99.26%, D50 = 4 ± 1.5 lm, Shan-
dong Aluminum Industry Company, China) as
sintering additives were mixed with the starting
material and ball-milled for 4 h using Al2O3 balls.
Silica sol as cohesive agent was added in the powder
mixture. The mixed slurry was stirred for 2 h. A
commercial silica sol (SiO2, 30.0–31.0%; pH 8.5–
10.0, Shanghai Kangning Silica Sol Company,
China) was used as a binder and a surfactant carb-
oxymethyl cellulose was added to serve as a wetting
agent. Kaolin (Sino Surplus International Limited,
Beijing, China) and bentonite (Nanhua Hongshan
Bentonite Company, Liaoning, China) were added
to improve the rheology of the slurry (which content
shown in Table 1).

The PUS should be cleared with deionized water
before impregnation and cut into approximately
100 · 30 · 30 mm samples. Then, the cleared PUS



Fig. 1. SEM microstructure of Si3N4 starting material: (a) b-Si3N4 powder; (b) Al powder.

Table 1
The content of sintering additives

Aluminium
(wt.%)

Alumina
(wt.%)

Silica sol
(wt.%)

Kaolin
(wt.%)

Bentonite
(wt.%)

Carboxymethyl
cellulose (wt.%)

Silicon
nitride (wt.%)

5 5 14.5 3.5 1 1 70
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was immersed into the homogeneous slurry for
about 10 min and compressed while submerged in
order to fill all of the pores. The impregnated
sponges passed through a preset roller to remove
excess slurry. The optimum roller, Fig. 2(a), separa-
tion corresponds to about 20% of the thickness of
the sponges and typically two passes are determined
to remove the excess slurry. Subsequently, the sam-
ples were put into the rotating cylinder, Fig. 2(b),
to obtain uniformity of struts attached by the slurry
and avoid jamming the mesh of reticulated PUS by
the action of centrifugal force. The rotating process
is an important procedure to obtain high-open por-
ous ceramic reinforcement. The samples were then
placed in a drying oven under 160 �C for at least
Fig. 2. Schematic diagram of squeezing and centrifugal installation: (
centrifugal force.
20 h. Firing of the specimen was conducted in a pro-
grammable box furnace. Twice sintering and twice
immersion process were used in the experiment.
First, the samples were heated to 400 �C as a rate
of 50 �C/h to burn out the PU framework; second,
the samples were heated to 800 �C at 200 �C/h and
maintained at the temperature for 60 min. Thirdly,
the samples were immersed into a suspending liquid
(which content shown in Table 2) for 2 h and put
into the rotating cylinder and then dried for 20 h at
160 �C. To prevent the samples being jammed the
mesh of ceramic foam, the suspending liquid used
in the second immersion should have lower concen-
tration than that of the slurry used in the first immer-
sion. Subsequently, the samples were heated to
a) installation of squeezing the excess slurry; (b) installation of



Table 2
Chemical composition of Mg–Al–Zn alloy (wt.%)

Al Zn Cu Mn Fe Si Be Cu Mg

8.50 0.80 1.65 0.15 0.06 0.30 0.04 0.20 Balance
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1400 �C at 200 �C/h and maintained 60 min for sin-
tering of the ceramic powder. The novel manufactur-
ing route for Si3N4 porous ceramic reinforcement is
shown in Fig. 3.

DTA/TG analysis of the sponge was preformed
in air atmosphere at heating rate of 10 �C/min
in order to determine the thermal decomposition
range. Fig. 3 showed the DTA/TG curve for the
RPCs. The PUS framework was pyrolyzed and
burned out gradually when the temperature was
reached at 372.7 �C. An exothermic peak is ob-
served at 632.9 �C owing to the first strong oxida-
tion. An endothermic peak is observed at 660.2 �C
which is the melting point of the aluminum metal
powder. At higher temperatures of 959.1 �C, further
oxidation takes place. When the temperature
reaches 1261.5 �C, the glass phase occurred and
acted as a medium for mass transport during
densification.

Different kinds of skeletons were fabricated
which have different porosity as 97%, 95%, 94%,
91%, 88%, 85%, respectively. The morphology of
reticulated Si3N4 ceramics performs with different
porosity were shown in Fig. 4 and the cross-section
micrograph of reticulated Si3N4 ceramics performs
with 94% porosity is shown in Fig. 5.

2.2. Fabrication of 3-DNSMMC

Commercial purity Al ingot (99.7% in wt.) and
Mg ingot (99.95% in wt.) were used in preparing
Fig. 3. Novel manufacturing
the Mg–Al–Zn alloys by melting in a clay–graphite
crucible under N2 atmosphere. The infiltrated metal
used in this experiment is Mg–Al–Zn alloy which
chemical compositions are shown in Table 2. The
properties of Mg–Al–Zn alloy such as coefficient
of thermal expansion (CTE), thermal conductivity
(TC), prolongation (d), tensile strength (rb) and
density (D) are shown in Table 3. The porous
Si3N4 ceramic skeleton was heated up in a furnace
under nitrogen atmosphere. After achieving the
appointed temperature, the liquid metal was infil-
trated into the perform in the infiltration die by
pressure-less infiltration technology (which sche-
matic representation of infiltration die is shown in
Fig. 6). The micro-structural characterization of
ceramic–metal composites was performed on a
scanning electron microscope (SEM, Hitachi, S-
2500) which was shown in Fig. 7. In Fig. 7, the rel-
ative density of reinforcement (volume fraction of
reinforcement) is 6%, 9%, 12%, 15%, respectively.
The morphology of Mg–Al–Zn–Si3N4 composites
with the relative density of reinforcement (volume
fraction of reinforcement) as 6% is shown in
Fig. 8. The interface element concentration grads
distributing were carried out by the energy spectrum
analyses (ESA, OXFOED INCA).

2.3. Bending strength and fracture toughness

The specimens were determined at the condition
of cast and no heat-treatment. The mechanical
route for Si3N4 RPCs.



Fig. 4. The morphology of reticulated Si3N4 ceramics perform with different porosity: (a) 94%; (b) 91%; (c) 88%; (d) 85%.

Fig. 5. The morphology of reticulated Si3N4 ceramics performs
with 94% porosity.

Table 3
Mechanical properties of Mg–Al–Zn alloy

Materials CTE
(10�6 C1)

TC
(w m C�1)

d
(%)

rb

(MPa)
D

(g cm�3)

Mg–Al–Zn 28.1 78.5 3.3 230 1.8
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properties tests as three point (3-P) bending strength
were carried out on the electron omnipotence test-
ing machine (Instron5569). The specimens were
loaded at a constant cross-head speed of 10�2

cm s�1. The geometry structure was shown in
Fig. 9. The dimensions of specimen were shown in
Table 4. Fractographs of all the broken speci-
mens tested under 3-P bending conditions were
observed using a scanning electron microscope
(SEM, Hitachi, S-2500). The notch was cut through
electro-discharge machining which has a geometry
characteristic of root radius of 200 lm, normal
width of 2 mm and a normal length of approxi-
mately 3–4 mm.
3. Test results and discussion

3.1. Microstructure of RPCs

Si3N4 offered the potential for development as a
high strength, high temperature refractory material,
so it is the appropriate and preferred materials as



Fig. 8. The morphology of Mg–Al–Zn–Si3N4 composites with
6% reinforcement.

Fig. 6. Schematic representation of infiltration die.
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the reinforcement of metal matrix composites. How-
ever, it was soon recognized that pure Si3N4 could
not be fabricated into fully dense components
because of its strong covalent bonding. Alternative
methods have therefore been explored and one of
the most successful fabrication techniques is liquid
phase sintering using a metal silicon oxynitride
based liquid. For this purpose it is necessary to
add small amounts of metal oxides, which at sinter-
ing temperature react with the natural surface SiO2
Fig. 7. The SEM micrographs of 3DCNRMMC with different volu
on the Si3N4 powder, particles and with the Si3N4

itself, to form a liquid. The liquid phase assists par-
ticle rearrangement and acts as a high diffusivity
pathway for the subsequent solution–diffusion–pre-
cipitation process. Generally, the constituents of
me fracture reinforcement: (a) 6%; (b) 9%; (c) 12%; (d) 15%.



Fig. 9. Specimen of bending strength.

Table 4
Dimensions of specimen

Materials L (mm) w (mm) b (mm) a (mm) c (mm) r (lm) a/w

Mg–Al–Zn/Si3N4 85 20 15 3.0–4.0 2 200 0.20–0.27
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this liquid phase cannot be completely incorporated
into the Si3N4 lattice, and they remain either as a
glass, or as a crystalline metal silicon oxynitride
phase in the intergranular region of the Si3N4 cera-
mic [19]. The intrinsic properties of a material, espe-
cially at high temperature, are determined by the
content and type of sintering additive; different sin-
tering aids yield different phase compositions and
microstructures. Al as low temperature sintering
additives was melted and oxidized into Al2O3 in
the course of sintering and jammed the hollow
struts. Al2O3 as high temperature sintering additives
would improve the density of struts. In situ SiO2

phase would be formed in high temperature and oxi-
dation atmosphere. One multiphase ceramic foam
as Si3N4–Al2O3 (oxidation + addition)–SiO2 (oxida-
tion + in situ) was formed. The cross-section micro-
graphs of RPCs are shown in Fig. 10.
Fig. 10. SEM cross-section micrographs of RPCs: (a) n
The relative density (q*/qs – relative density, q* –
the density of porous structure and qs – the density
of the fully dense material) as a important property
of cellular ceramic was measured using the Archi-
medes’ method. The porosity of RPCs was related
with the relative density. The pore size and the
width of strut(t) and the length of strut(l) were mea-
sured from Fig. 5, in which, the cross-section and
surface micro-structural characterization of the
samples were performed on a scanning electron
microscopy SEM (Model No. S-2500). The number
of pore could be counted and the obtained results
are presented in Table 5. The parameters of ceramic
foam as hexagonal side of pore, cell volume and
struts surface area were obtained from Appendix
A. The relative density was validated by the formula
described in Appendix A and the calculation result
are presented in Table 6.
o additives; (b) additives of 5% Al and 5% Al2O3.



Table 5
Parameters of porous ceramic skeleton

Sample The number of pore (ppi) Pore size (d, mm) Struts width (t, mm) Struts length (l, mm)

B 5–10 1–3 1.2–2.7 4–7

Table 6
Density and porosity of porous ceramic skeleton

Sample Skeleton
density (g/cm3)

Density of
material (g/cm3)

Relative
density (g/cm3)

Calculation
result (g/cm3)

Open
porosity (%)

A 0.51 3.17 0.16 0.166 84
B 0.47 3.17 0.15 0.154 85
C 0.46 3.17 0.14 0.150 86

Fig. 11. Relationship between Y and a/w for specimen of bending
strength.
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3.2. Microstructure of 3-DNSMMC

3-DNSMMC exhibit a specially topology struc-
ture with each brittle and ductile phase intercon-
nected in three dimensions and constructed a
topologically continuous network throughout the
microstructure. Fig. 8 shows microstructure mor-
phology of 3-DNSMMC. It can be seen that Mg–
Al–Zn alloy was fully intruded into the channel of
RPCs. The fabricated composites have topologically
uniform microstructure and the interconnected net-
work structure is evident. In this figure, the regions
marked 1 represent RPCs, which are interpene-
trated by Mg–Al–Zn alloy (regions marked 2).
The interface of metal/ceramic plays an important
role in improving the mechanical properties. In
the interface of Mg–Al–Zn–Si3N4 composites,
MgAl2O4 spinel forms at the ceramic/metal inter-
face. It can take place during the process of pres-
sureless infiltration of melted magnesium into the
porous Si3N4 ceramic network structure. During
the fabrication processes, the strut surface of
Si3N4 ceramic formed a oxide film of Al2O3 and
SiO2 due to the ceramic materials sintered at oxidiz-
ing atmosphere, Mg reacts with Al2O3 and reacts
with Al and SiO2, the reactants form glass phase
which some surround the Si3N4 grain and some dis-
tribute on the surface of struts of RPCs. In the same
time, the spinel phases form a thin layer between the
metal and ceramic side. Thus interface structure
became the transition zone to release the strain
and amortize the over loading.

3.3. Bending strength and fracture toughness

Owing to the phenomenon of ductile melt
metal interpenetrating into brittle reinforcement,
the bending strength and fracture toughness exhibit
different properties to metal matrix and reinforce-
ment. The three point bending strength (rf) was
calculated using the equation as follows:

rf ¼
3PL

2bw2
ð1Þ

where P is the load, w is the specimen thickness, b is
the specimen width and L is the specimen length.
The fracture toughness (KIC) value was calculated
using the equation as follows:

KIC ¼ Y
a
w

� � 3PL

2bw2

ffiffiffi
a
p

ð2Þ

where a the notch height, Y(a/w) is a complex func-
tion of a/w, a non-dimensional coefficient which va-
lue relates to a/w and constant cross-head speed.
Y(a/w) value may be chosen according to Fig. 11
[20]. The experimental data were applied in Eq. (2)
and the calculation results were taken an average
of two measurements which were shown in Figs.
12 and 13.



Fig. 12. Relation between bending strength and volume fraction
of reinforcement.

Fig. 13. Relation between fracture toughness and volume frac-
tion of reinforcement.
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Fig. 12 shows the relationship between bending
strength and volume fraction of reinforcement.
Fig. 13 shows the relationship between fracture
toughness and volume fraction of reinforcement.
From Fig. 12, it can be seen that, there is a little ele-
vation of the bending strength value of reinforced
composites compared with the un-reinforced mate-
rials. 3-DNSMMC with volume fraction of rein-
forcement as 6% exhibit a bending strength of
276 MPa. Subsequently, with the increases of vol-
ume fraction of reinforcement (>6%), the bending
strength decreases slowly at initial stages and then
decreases rapidly in the end.

From Fig. 13, the KIC curve accord approxi-
mately to linear rule with a gradual descendent
decreases trend. 3-DNSMMC with volume fraction
of reinforcement as 6% exhibit a fracture toughness
KIC of 25.5 MPa m1/2. It is indicated that the vol-
ume fraction of reinforcement plays a significant
role in controlling the bending strength and fracture
toughness. It is simultaneously indicated that the
bending strength is lower than metal matrix for 3-
DNSMMC if the volume fraction is in excess of
6%. Owing to the exist of brittle phases, the failure
features as cracking and void in reinforcement,
interface cracking and interface debonding as well
as matrix damage result in the decreases of bending
strength and fracture toughness. Owing to the brit-
tle phase interpenetrating in ductile phase and disse-
vering metal matrix, there is no possibility for
fracture toughness of reinforced composites (>6%)
to be in excess of that of matrix metal. The reason
why KIC has an obvious increase when the volume
fraction of reinforcement cannot exceed the percent-
age of 6% is that molten metal infiltrated not only
into the pore of 3-D network skeleton but also into
the interior of struts of skeleton. This may be vali-
dated by the energy spectrum analyses (ESA, OXF-
OED INCA) which were shown in Fig. 14. The
contents of Mg, Al and Zn in Si3N4 reinforcement
are still high. It is indicated that the void and crack
in ceramic skeleton are clogged up by molten metal
and its reactant.

3.4. Fractography

Fig. 15 shows the fractographs of Mg–Al–Zn
alloy and composites reinforced with different per-
centage of reinforcement. Owing to the adequate
ductility of Mg–Al–Zn alloy, much and smaller
dimples and crater are observed in SEM fracto-
graphs, Fig. 15(a). The crater coalescence is the pre-
dominant failure mode of metal matrix. This
phenomenon has been early observed by many
investigators [21–23,3]. When the second brittle
phases were introduced to the metal matrix, the
SEM fractographs present two different failure
mechanisms as a locally ductile failure mechanism
and crack expanding failure mechanism. With the
increases of volume fraction of reinforcement, there
is a distinguished difference in composites, Figs.
15(b)–(e), the limited ductility of composites causes
the early failure of composites.

From Fig. 15(b), it can be shown that, big craters
and dimples with a bimodal and multimodal distri-
bution characteristic were observed. A large number
of ceramic particle were engulfed in crater enclosed
by surrounded matrix which marked arrow. The



Fig. 14. The interface of Mg–Al–Zn–6%Si3N4 composites and the energy spectrum analyses (ESA, OXFOED INCA).
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relatively homogeneous Si3N4 particle distribution
which were immersed and encircled by metal matrix
results in the improvement of fracture toughness.
Moreover, lightly interface reaction occurred in
the metal–ceramic interface produced MgAlO2 spi-
nel phase (Fig. 16) which became the transition
between the brittle phase and ductile phase. There-
fore, the reactant baffles the crack propagation in
ceramic/metal interface and improved the bonding
strength of ceramic–metal composites.
Ceramic struts of skeleton turn more and more
distinct in Fig. 15(c) (arrow 1). A large number of
cracks were embodied into the skeleton to make
the composites fracture easily at low stress. Interface
debonding of matrix/Si3N4, arrow 2, Fig. 15(c), is
another reason for failure. With the increases of vol-
ume fraction of reinforcement, crack characteristic
consist of crack nucleation, growth, coalescence
and crack propagation became the main fracture
failure mechanisms.



Fig. 15. Fractographs of Mg–Al–Zn alloy and reinforced composites with different percentage of reinforcement: (a) Mg–Al–Zn alloy;
(b) 6%Si3N4; (c) 9%Si3N4; (d) 12%Si3N4; (e) 15%Si3N4.
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From Fig. 15(d), owing to the matrix deforma-
tion, stress transfer to ceramic reinforcement causing
occurrence of crack fountainhead (microcracks).
Microcracks grow continuously and are coalesced
endlessly. Finally microcracks were propagated
and enlarged into large crack, arrow in Fig. 15(d).



Fig. 16. Spinel phase in SEM fractographs of Mg–Al–Zn–6%Si3N4 composites.
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Fig. 15(e) depicts the SEM fractographs charac-
teristic of Mg–Al–Zn–15%Si3N4 composites. From
Fig. 15(e), a great deal of ceramic particles with reg-
ular shape, arrow in Fig. 15(e) is observed distinctly.
Much cracks occurred in the regions of the particle
interior and particle border. When examined at
higher magnifications, the fractured Si3N4 particles
show a clear crack running through the center of
the particle, Fig. 15(e), arrow 2. These factors result
in the fracture of these kinds of reinforcements
under low stresses.
4. Conclusions

1. One kind of 3-D ceramic–metal MMCs with dif-
ferent volume fraction reinforcement was fabri-
cated by pressure-less technique. The bending
strength and fracture toughness were tested by
3-P bending strength experiments.

2. Mg–Al–Zn–6%Si3N4 composites had an
improvement of bending strength and fracture
toughness owing to relatively homogeneous
Si3N4 particle distribution encircled by metal
matrix, the occurrence of interface reaction prod-
uct as MgAlO2 spinel phase.

3. With the increases of volume fraction of rein-
forcement (>6%), the bending strength and frac-
ture toughness decreases slowly at initial stages
and then decreases rapidly in the end. Owing to
the exist of brittle phases, the failure features as
cracking and void in reinforcement, interface
cracking and interface debonding as well as
matrix damage result in the decreases of bending
strength and fracture toughness.

4. 3-DNSMMC have different SEM fractographs
characteristic with matrix metal and different
volume fraction of reinforcements. Much and
smaller craters and dimples are observed in
metal matrix alloy and limited ductility of com-
posites causes the early failure of composites.
With the increases of volume fraction of rein-
forcement, crack characteristic consist of crack
nucleation, growth, coalescence and crack
propagation became the main fracture failure
mechanisms.
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Appendix A
Properties
 Symbol
 Formula
Pore diameter
 dp
 Measured
Relative density

q�

qs

C1

t
l

� �2
1� C2

t
l

� �� �
Solid proposity
 p
 Measured
Hexagonal side
 l

0:5948dp

1� 0:97ð1� pÞ
1
2

Struts thickness
 t
 0:971ð1� pÞ
1
2l
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