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bstract

orous mullite bodies were developed by spark plasma sintering (SPS) amorphous mullite beads of about ∼30 �m in diameter at two temperatures,
◦
50 and 1300 C. Materials showed a close random stacking of solid spheres that retained their original packing but slightly flattened at the contacts

n some cases. Depending on the thermal history, the beads were partially or fully crystallized. The thermal conductivity of the different porous
ullite materials was analyzed as a function of the microstructure. Owing to the particular porous network, high gas permeability and very low

hermal conductivities (1–2 W m−1 K−1) were achieved, among the lowest reported for sintered mullite materials.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Porous ceramics are commonly used in thermal related appli-
ations, such as molten-metal filters, high temperature thermal
nsulation, catalyst supports and radiant burners.1 Recently, their
unctionality has been extended to other fields like energy, envi-
onment and health. Mullite is a suitable material for some of
hese applications as it combines high temperature strength,
reep resistance, high corrosion resistance and low thermal
onductivity.2,3 Although many works deal with the process-
ng of mullite bodies4–10 with porosities ≥30%, there is just one
ork3 studying its thermal conductivity as a function of porosity

up to 60 vol%). In that case, pores were rounded with sizes in
he range 20–50 �m, patterned from starch granules, enclosed
n a continuous mullite matrix, and the thermal behavior fitted
ucken’s model11 for biphasic materials, with thermal conduc-

ivity ranging from 1 to 2.5 W m−1 K−1. Even lower thermal
onductivities can be expected if mullite materials with con-
ected pores were achieved. In present work, we develop porous
ullite bodies formed by stacking solid, quasi-amorphous or

rystalline mullite spheres, that is, the carbon copy of the above

tarch-based porous mullite. These porous mullites have a very
ow thermal conductivity, lower than the starch-based porous

ullite of similar porosity level.

∗ Corresponding author.
E-mail address: pmiranzo@icv.csic.es (P. Miranzo).
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roperties

The fabrication process of quasi-amorphous mullite spheres
as been studied in a previous work of the present authors.12

t was proved that flame spraying of mullite powders led to
eads with very low crystallinity ratio (0.11–0.19, depending
n the starting mullite powders) that became completely crys-
alline when treated at 1300 ◦C. In that work, the formation of
he pseudo-tetragonal mullite was observed for beads treated at
000 ◦C.

Among the different sintering techniques, the spark plasma
intering (SPS), which is a pressure assisted pulsed direct current
intering method, allows much faster heating rates and shorter
intering times, together with commonly lower sintering tem-
eratures, compared to conventional sintering methods, such as
ressureless sintering, hot pressing or hot isostatic pressing.13–15

his technique extraordinarily enhances the sinterability of most
f the materials and extends the possibilities for developing new
dvanced materials with tailored properties. For that reason, SPS
as been selected for sintering the stacked mullite beads at tem-
eratures as low as 950 ◦C using short holding times of 5 min,
hich will allow maintaining the initial stacking geometry and

ome of the amorphous and transitory phases in the starting
eads.
. Experimental

Two different mullite (3Al2O3·2SiO2) powders were used: (i)
iO2–Al2O3 granulated gel powders with a bohemite-like struc-

dx.doi.org/10.1016/j.jeurceramsoc.2011.02.004
mailto:pmiranzo@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2011.02.004
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Fig. 1. Particle size distributions and SEM micrographs of the mullite beads obtained
SPS specimens (c).

Fig. 2. Scheme of a cross section of the sintered materials showing parameters
used for f calculation: lc is the contact length and p the sphere perimeter.

t
(
S
o
w
t

fi
t
t
S
t
p
a
s
t
F
e
(
i
o

t

by flame spraying (a), XRD patterns of the different starting beads (b) and the

ure (SIRAL 28 M, Condea C, Germany) and mean particle size
d50) of ∼41 �m and (ii) crystalline mullite powders (Baikalox
ASM, Baikowski Chemie, France) having d50 = 1.3 �m. Aque-
us suspensions of SASM powders (30 wt% of solid contents)
ere spray dried to get granules of ∼26 �m, slightly smaller

han the SIRAL gel.
Both granulated powders were flame sprayed into a water

lled metal container using an oxygen–acetylene gun. The
emperature and velocity of the particles were measured with
he Accuraspray-g3 sensing system (Tecnar Automation Ltd.,
t. Bruno, QC, Canada) obtaining velocities of 80 m s−1 and

emperatures of 3100 ◦C, high enough for melting the mullite
owders. Afterwards, the beads were drained, dried at 120 ◦C
nd sieved discarding agglomerates above 63 �m. Beads flame
prayed from gel-type powders had bigger sizes (d50 = 30.0 �m)
han those from SAMS powders (d50 = 22.5 �m), as seen in
ig. 1a, accordingly to the differences in their initial agglom-
rate sizes. A batch of the SASM beads was furnace treated
TT SAMS) at 1300 ◦C for 1 h to improve their crystalin-

ty before sintering. In this way, fully crystalline beads were
btained (Fig. 1b).

Disc shaped specimens of 20 mm in diameter and 3 mm in
hickness were obtained from the different beads (as-sprayed
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Table 1
Apparent (ρapp.), bulk (ρbulk) and theoretical (ρtheor.) densities, open (ΦOpen) and total (ΦTotal) porosities, and crystallinity ratio normalized to the 1300 ◦C fully
crystallized specimens (CRN).

Material ρapp (g cm−3) ρbulk (g cm−3) ρtheor. (g cm−3) ΦOpen ΦTotal CRN

SIRAL 950 2.95 2.38 3.06 0.19 0.22 0.87
SASM 950 2.99 2.43
SASM 1300 3.03 2.64
TT SASM 1300 2.87 1.99

Fig. 3. Plot of the intruded volume of mercury versus pore diameter of the
TT SASM 1300 sample.
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Fig. 4. Piston displacement versus temperature for the different SPS runs and cr
3.06 0.19 0.21 0.88
3.15 0.13 0.16 0.97
3.16 0.31 0.37 1

nd TT) by spark plasma sintering (Dr. Sinter 510CE, SPS Syn-
ex Inc., Japan) at two temperatures, 950 and 1300 ◦C, for 5 min
pplying 40 MPa of uniaxial pressure and vacuum atmosphere
labels for each sample are shown in Table 1). Heating and
ooling rates were 75 and 120 ◦C min−1, respectively. Ram dis-
lacement was continuously recorded during sintering runs. The
pparent densities and the open porosities of the specimens were
easured by the Archimedes’ method using the boiling water

enetration method (specimens were immersed in boiling water
or 30 min and then kept in water for 18 h).

The pore size distribution of the samples was measured
y mercury intrusion porosimetry (Poremaster®, Quanchrome
nstruments, USA). The maximum injection pressure was about
00 MPa. The Hg contact angle and surface tension used for the
alculations were 140◦ and 480 × 10−3 N m−1, respectively.
Samples of 1 mm thickness and 12.7 mm in diameter were
sed for permeability measurements. Specimens were butted
nto a Cu cylindrical cell sealing the periphery and connecting
oth sides of the cell to the gas tubes to force the gas flowing

oss-section views of (a) SASM 1300 and (b) TT 1300 SASM specimens.
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Table 2
Fraction of solid contacts between beads (f), ratio of contact radius to sphere radius (γ), measured effective thermal conductivity (Keff.) at room temperature (RT),
calculated reduced thermal conductivity (Keff/K0) and solid phase thermal conductivity (K0) deduced from Keff and Keff/K0.

Material f γ Keff (RT) (W m−1 K−1) Keff/K0 (RT) (W m−1 K−1) Siu and Lee28 K0 (RT) (W m−1 K−1)

SIRAL 950 0.34 0.68 1.36 0.56 2.43
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ASM 950 0.34 0.68 1.37
ASM 1300 0.38 0.76 1.99
T SASM 1300 0.18 0.36 1.19

hrough the specimen, at a given flow rate.16 The gas permeabil-
ty of the porous mullites was evaluated using the equation:

P = ηL

μA
Q (1)

here �P is the pressure drop across the specimen, μ is the
arcy’s permeability, η is the dynamic viscosity of the fluid

in this case, that of nitrogen: 1.75 × 10−5 Pa s),17 A and L are
he cross-sectional area and the thickness of the sample, respec-
ively, and Q is the flow rate.

X-ray diffraction patterns (XRD, Xpert PRO, PANalyt-
cal, Netherlands) of beads and powdered SPS specimens
ere recorded using a θ/2θ configuration. The microstructure
f beads and sintered samples were observed by Scanning
lectron Microscopy (FE-SEM, Hitachi 4700, Japan). The frac-

ion of solid contacts between beads (f), defined as the ratio
etween total contact length (

∑
lci) and total particles perime-

er (
∑

pi) (see Fig. 2), was quantitatively measured on polished
pecimens using image analysis software on SEM images of
200 �m × 200 �m, containing at least 400 features. From this

nalysis the ratio of contact radius to sphere radius (γ = rc/rs) as
ell as the number of contacts per sphere (N = Nc/Ns) was also

stimated. The 3D mean sphere radius rs was estimated dividing
y 0.785 the 2D mean sphere radius as proposed by Kong et al.18

The thermal diffusivity (α) was measured by the laser flash
ethod (Thermaflash 2200, Holometrix/Netzsch USA). Disk

haped samples of 12.7 mm in diameter and ∼1 mm in thickness
ere tested up to 800 ◦C in Ar atmosphere. Disk surfaces were
old and graphite coated to enhance absorption of the laser beam.
hermal conductivity (K) was calculated from specific heat (Cp)
f mullite19 and density (ρ) using the expression K = α·ρ·Cp.
urface roughness was <50 �m and then thickness correction
as not necessary20 as it gave variability within the 5% accuracy

ange of the technique.

. Results and discussion

As-sprayed beads were mainly amorphous with some traces
f mullite, as the presence of a broad hump in the XRD patterns at
26◦ (2θ) reveals (Fig. 1b). Amorphization was a consequence

f the high flame spraying temperature (3100 ◦C), which is above
he melting point of mullite (∼1860 ◦C).2 Due to its incon-
ruent melting and to the rapid cooling, bulk crystallization in

he beads did not occur.12 Extensive mullite crystallization was
bserved only after heating, either in the TT SASM beads or in
he SPS specimens (Fig. 1c). XRD spectra of the sintered sam-
les showed overlapping of the (1 2 0) and (2 1 0) mullite peaks at

n
l
t
t

0.56 2.45
0.63 3.16
0.30 3.97

26◦ (2θ) for the 950 ◦C specimens (inserts in Fig. 1c), indicat-
ng the formation of the so-called pseudotetragonal mullite.21

or the 1300 ◦C SPS specimens, peaks split apart evidencing
he formation of the orthorhombic mullite, and similarly for
he TT SAMS beads, heat treated at 1300 ◦C. An estimation of
esidual amorphous phase in the mullite specimens was obtained
rom the crystallinity ratio (CRN), defined as the ratio between
he area under the XRD peaks and the area under the whole pat-
ern, normalized to the 1300 ◦C fully crystallized specimens,12

iving around 10 wt% of amorphous phase in the case of the
50 ◦C specimens (Table 1).

The porosity of the specimens was estimated from the ratio
etween the experimentally measured bulk density and the theo-
etical density (see Table 1), which was calculated from the rule
f mixtures using the following expression:

th = xa · ρa + xc · ρc (2)

here x is the volume fraction and ρ is the density of amor-
hous (a) and crystalline (c) phases. The density measured by
elium pycnometry for the mainly amorphous as-sprayed beads
2.85 g cm−3) was used as ρa. According to phases detected
n the XRD patterns of specimens sintered at 950 and 1300 ◦C
Fig. 1c), the density of the pseudo-tetragonal (3.09 g cm−3) and
he orthorhombic (3.16 g cm−3) mullites21 were respectively
sed for ρc in Eq. (2). In this way, the theoretical density changed
rom 3.06 g cm−3 for the 950 ◦C specimens to 3.16 g cm−3 for
he 1300 ◦C specimens and porosities of the materials varied then
rom 16 to 37% (Table 1), depending on the sintering temper-
ture and the beads crystallinity; open porosity varied between
3 and 31% and intra-bead porosity fluctuated from 2 to 6%.
ntruded volume of mercury versus pore diameter curves (Fig. 3)
ere very similar for all SPS porous mullites, showing a narrow
ore size distribution (3–10 �m) centered at ∼5.3 �m.

The most remarkable feature of the SPS displacement curves
Fig. 4) was that, except for the mullite processed from the crys-
alline beads, a sudden contraction occurred at about 900 ◦C.
his effect can be explained considering the amorphous nature
f the as-sprayed beads that allowed deformation during SPS
y the simultaneous effects of temperature and load, leading
o contact flattening as it is shown in Fig. 4b. Additionally, the
rystallization process may also contribute to the sudden shrink-
ge as density of the crystalline mullite is higher than that of
morphous mullite. Conversely, the crystalline TT beads did

ot deform under same conditions, keeping instead the regu-
ar spherical shape of the original beads (Fig. 4c). Accordingly
he TT beads SPS at 1300 ◦C showed the lowest density among
he specimens (Table 1), being slightly higher (69%) than the
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00 (b). A flawed interface area is enclosed by a dashed line.
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nential models, predict higher thermal conductivity values
(2.5–3.8 W m−1 K−1) than those experimentally measured.
Therefore, the porosity dependence of thermal conductivity
for materials with partially sintered microstructures cannot be
Fig. 5. Detail of the beads in SASM 950 (a) SASM 13

ensity of close random packed monodispersed spheres (64%).
hen amorphous beads were used, density increased with SPS

emperature and it did not depend on the type of starting mullite
owders (SASM or SIRAL) (Table 1).

As seen in the SEM micrographs of Fig. 4, the high sintering
ates of SPS allowed developing inter-bead sinter necks at tem-
eratures as low as 950 ◦C while maintaining the initial structure
f stacked beads. Specimens sintered at 950 ◦C containing pseu-
otetragonal mullite (Fig. 1c) showed minute crystallites within
he beads (Fig. 5a), whereas those sintered at 1300 ◦C, formed

ainly by orthorhombic mullite (Fig. 1c), exhibited intra-bead
icroporosity (Fig. 5b). This agrees with data21 reporting that
ullite melts crystallizing below 1200 ◦C into pseudo-tetragonal
ullite and SiO2 rich inclusions have lower density than the

300 ◦C orthorhombic mullite. A simple calculation predicts
ntra-bead porosity fraction of 0.06 for the 1300 ◦C specimens,
onsidering changes in density from the pseudo-tetragonal to
he orthorhombic mullites, which is quite similar to the values
alculated from porosity data in Table 1 0.03–0.06.

The N2 permeability measured for the SASM 950 and
T SASM 1300 materials, both with porosity above 20%,
ave values of 1.5 × 10−17 and 1.1 × 10−16 m2, respectively.
herefore, increasing porosity from 21 to 37% augmented the
ermeability by one order of magnitude. Furthermore, mullite
eads sintered at 950 ◦C showed permeation at much lower
orosity than predicted from the percolation model (0.31).22 As
t is shown in Fig. 6, materials from beads present lower perme-
bility values than porous ceramics processed by extrusion but
igher than ceramics processed by conventional routes, which
lso show permeation at higher porosity fractions.23

The K of the porous mullite bodies (Fig. 7) was almost
onstant with temperature and had values 60–75% lower than
he values for dense SASM mullite.3 No significant differ-
nces between the specimens sintered at 950 ◦C were observed,
hereas specimen sintered at 1300 ◦C from amorphous beads

howed much higher K values (>40%), quite similar to those
easured for a mullite processed from starch with 36 vol% of

orosity,3 as seen in Fig. 7, although the later material had more

orosity and its thermal conductivity slightly decreased with
emperature. Conversely, very low K values were measured for
he TT SASM 1300 specimen.

F
m
f

ig. 6. Relationships between porosity and permeability of porous ceramics
repared in the present work compared with materials obtained by extrusion
nd conventional methods.23

Effective medium models like the power-law and the expo-
24–26
ig. 7. Thermal conductivity as a function of temperature for the SPS porous
ullites. Values for dense and porous SASM mullite (36 vol% porosity) prepared

rom starch addition3 are also plotted (discontinuous lines).
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ig. 8. Keff/K0 values at room temperature as a function of porosity for the SPS
pecimens (full symbols) and the values calculated by Siu and Lee28 (empty
ymbols).

escribed by the otherwise quite realistic previous models but
ore sophisticated models should be used. Different methods

ave been proposed for calculating the effective thermal con-
uctivity (Keff) of porous materials formed by spherical particles
ith different types of packing.27–31 Siu and Lee28 developed a
ethod to calculate the effective thermal conductivity of packed

eds considering structured stacks, which was validated for
orosities between 0.5 and 0.2 by comparison with experimental
ata from the literature, and where the conductivity of the solid
hase was much larger than that of the surrounding fluid matrix.
hey considered that randomly packed beds were based on three
ifferent ordered structures, depending on porosity, i.e. a simple
ubic (SC), body-centre cubic (BCC) or face centre cubic (FCC)
acking. They proposed a dependence of the reduced thermal
onductivity, Keff/K0, to the contact radius to sphere radius ratio,
:

Keff

K0
= A · γ (3)

here A varied from 0.827 to 2.421 depending on the pack-
ng geometry. Similar prediction was made by Gusarov et al.29

ut with slightly larger A values (1–2.828). In our case, it can
e assumed a simple cubic packing as the average number of
ontacts per sphere was N = 1.24 ± 0.18, calculated by image
nalysis on the cross-sections of the specimens. However, very
arge values of solid contact fractions and contact radius to
phere radius were measured in the present case (Table 2),
he increasing f and γ figures being related with a progressive
attening of the inter-particle necks during sintering by SPS
hile maintaining the packing geometry. Accordingly, a value
f A = 0.827 (simple cubic geometry) was used in Eq. (3) to
educe the Keff/K0 values shown in Table 2. In Fig. 8, those
eff/K0 figures are plotted versus porosity fraction together with

28
alues calculated by Siu and Lee for different cubic stacking
f spheres. As Keff/K0 deduced from Eq. (3) fits simulations,
ubic packing seems to correctly describe the thermal behavior
f the present materials.

t
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Furthermore, K0 of the solid phase can be estimated using
he calculated Keff/K0 values. As seen in Table 2, the value for
he TT SASM 1300 material (3.97 W m−1 K−1), which was sin-
ered at 1300 ◦C from crystalline beads, is close to that of dense
rystalline mullite (Fig. 7) corrected using the Eucken’s equa-
ion for an intra-bead porosity fraction of 0.06 (4.4 W m−1 K−1).
owever, K0 values are significant lower in the case of porous
ullite processed from amorphous beads. As it is explained

elow, these low values may be due to the presence of either
hermal resistances at the inter-particle contacts or the nature of
seudo-tetragonal mullite, both contributing to decreasing the
ffective thermal conductivity.

Due to orthorhombic mullite crystallization from amorphous
r pseudo-tetragonal mullite, flawed contacts between particles
ormed, as those shown in Fig. 5, in compacts sintered at 1300 ◦C
rom amorphous beads. These imperfect interfaces would act as
hermal barriers for heat flow with a considerable reduction in the
ffective thermal conductivity, as interface roughness governs
he effective thermal contact area.31 This would explain that K0
educed for SASM 1300 mullite (Table 2) were 20% lower than
hat deduced for the TT SASM 1300 material.

On the other hand, microporosity was not detected in mate-
ials sintered at 950 ◦C but pseudo-tetragonal mullite was the
ajor phase in this case (see Fig. 1c) that has higher Al2O3 con-

ent and associated oxygen vacancies compared to orthorhombic
ullite32 and, accordingly, it should have lower intrinsic thermal

onductivity. In fact, a very low K0 value (2.43 W m−1 K−1) was
stimated for the solid-phase in the materials sintered at 950 ◦C.
onsidering that these materials contain 10 wt% of amorphous
hase that should have similar thermal conductivity as fused
ilica (1 W m−1 K−1)33 a value of 2.65 W m−1 K−1 can be pre-
icted for the pseudo-tetragonal mullite using Eucken’s model
eing in close agreement with the obtained K0 value.

. Conclusions

Partially crystalline porous mullite materials have been devel-
ped from mullite beads using the spark plasma sintering. The
intering behavior of mullite beads prepared by flame spray-
ng does not depend on the starting mullite powders but on
heir crystallinity. Amorphous beads deform during sintering at
emperatures below the crystallization onset (∼950 ◦C), enhanc-
ng densification by contact flattening. Their microstructure
an be described as a solid network of beads of ∼30 �m in
iameter embedded in a web of channels (pores). Owing to
his particular pore distribution, high gas permeability (up to
.1 × 10−16 m2) and very low thermal conductivity values were
chieved (1–2 W m−1 K−1) for relatively low porosities. The
hermal conductivity is explained by simulations for simple
ubic stacking of spheres. The predicted effective thermal con-
uctivity of the solid phase is lower than that of crystalline
ullite due to the presence of either thermal resistances at
he inter-particle contacts, in the case of materials sintered at
300 ◦C, or pseudo-tetragonal mullite with lower thermal con-
uctivity than orthorhombic phase, for materials sintered at
50 ◦C.
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