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Abstract

The sintering behavior of nanocrystalline orthorhombic mullite powders was investigated. The changes in microstructure, mechanical
and dielectric properties with two different heating rates were explained. Microstructural characteristics depending on heating rate were
explained at different sintering temperatures. Dielectric properties of prepared mullite nanocomposites were studied to examine the
synthesized mullite ceramics as high permittivity materials in the microwave range. It was indicated that a sharp decrease in bulk density
was observed at 1600 °C due to the exaggerated growth of mullite grains. Moreover, a maximum hardness value of 4.97 GPa was
obtained at 1600 °C with slow heating rate (5°min~"'). The DC electrical resistivity with a slow heating rate at 1300 °C was
approximately three times the value of the mullite sample sintered with a fast heating rate (30 °min~'). The minimum dielectric loss of
about 0.017 at 1.5 GHz was achieved at a sintering temperature of 1500 °C with a slow heating rate.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mullite (3A1,05-28Si0,) is an attractive potential engi-
neering ceramic owing to its unique combination of
properties such as high melting point (1830 °C), good
electrical resistance, good mechanical strength, low ther-
mal expansion coefficient (4.5 x 10~°K ™), high strength
and high creep resistance at both low and high tempera-
tures, low electric conductivity and low dielectric constant
(e=56.5 at 1 MHz) as well as good chemical and thermal
stability [1-5]. Due to these desirable properties, it has a
wide range of applications in structural, chemical, optical,
and electrical industries. Hence, understanding the impor-
tant factors affecting the mechanical and dielectric proper-
ties is an area of great interest and necessary for finding
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further applications. Microstructural and densification
characteristics are previously studied for synthesized mul-
lite ceramics from different raw materials or mullite mixed
with different oxides [6-23]. In addition, the dielectric
properties of sintered mullite ceramics are poorly investi-
gated for different mullite composites [24-27]. In this
paper, the effect of heating rate on the mechanical,
morphological and dielectric properties of sintered mullite
ceramics at different sintering temperatures from 1300 to
1600 °C prepared from alkaline monophasic salts (sodium
aluminate and sodium silicate) using the co-precipitation
method was studied. The obtained sintered mullite samples
were investigated by X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM). Furthermore, the
changes in the mechanical and electrical properties of the
produced mullite ceramics were evaluated at different
sintering temperatures using two levels of heating rate
(5 and 30 °min~1).
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2. Experimental
2.1. Chemicals

All the chemicals used in this study, such as sodium
aluminate NaAlO, Sigma-Aldrich 99.9%, sodium silicate
pentahydrate Sigma-Aldrich 99.9%, hydrochloric acid
HCIl, ADWIC 37%, were of analytical grade. Deionized
water was used in the whole work.

2.2. Procedures

Mullite precursors were synthesized by adding dilute
hydrochloric acid solution to the mixed solution of sodium
aluminate and sodium silicate (stoichiometrically mixed
together achieving a 3A1,05:2810; ratio) and adjusting the
pH value to 7. The aqueous suspensions were stirred gently
for 15 min to achieve a good homogeneity and to attain
a stable pH conditions. The formed gel is then filtered,
washed thoroughly with deionized water and dried over-
night at 100 °C in the oven. Dried precursors were calcined
at 1000 °C for 2 h at rate of 10 °C/min to form mullite
nanopowders (12 nm). The annealed mullite precursors
were ground in an agate mortar with a pestle. Mullite
compacts were prepared by uniaxially dry pressing the
powders in a 12 mm diameter steel die at a pressure of 3 t.
Pellets were sintered at temperatures in the range of 1300
and 1600 °C for 5 h with two different heating rates of 5
and 30 “min ", respectively.

2.3. Characterization

X-ray powder diffraction (XRD) was carried out on a
model Bruker AXS diffractometer (DS-ADVANCE
Germany) with Cu Ko (41=1.54056 A) radiation, operating
at 40 kV and 40 mA. The diffraction data were recorded
for 26 values between 10° and 70° and the scanning rate
was 3°min~" (or 0.02°/0.4 sec). Scanning electron micro-
scopy was carried out by a SEM (JEOL-JSM-5410 Japan).
The expansion—shrinkage measurements were made using
an Adamel Lhormergy 1/128 in apparatus (Instrument SA,
Longjumeau). Porosity and density measurements of sin-
tered samples were determined using PORESIZER 9320
V2.08. Microhardness tests were evaluated by means of a
Vickers Microhardness Tester, INDENTEC-HWDN-7
Japan (500 g normal load applied for 15 s) as an average
of six measurements. An electrometer and DC power
supply (Agilent-4339B, USA) were used for electrical
resistivity measurements for the experimental studies. A
constant DC voltage (V) of about 1.5 V was applied from a
battery across the sample. Dielectric properties were
measured using a network impedance analyzer (Agilent-
E4991A,USA) that is responsible for the generation and
reception of signals in the frequency range of 1 MHz to
3 GHz.

3. Results and discussion
3.1. XRD analysis

The effect of sintering temperatures from 1300 to
1600 °C on the phase composition of mullite samples was
followed by XRD analysis. Fig. 1 shows the X-ray
diffraction patterns of the mullite sample pellets heated
at 1600 °C with two heating rates of 5 and 30 °min~'. The
results reveal that the peak intensities of mullite ceramics
(JCPDS card no. 79-1457) were increased by decreasing
the heating rate. Structural parameters like lattice para-
meter (a), crystallite size (D), strain (¢) and dislocation
density (0) of the mullite samples at different sintering
temperatures have been calculated and listed in Table 1.
The crystallite size of the formed powders was estimated
according to the Scherrer equation,

D =0.904/fcos0 (1)

where D is the average grain size, 4 is the X-ray wave-
length, and 0 and f are the diffraction angle and full width
at half-maximum (FWHM) of an observed peak, respec-
tively. The strongest peak at 20=26° was used to calculate
the crystallite size of these nanoparticles. The lattice strain
(e) was calculated using the relation

&= fcosf/4 2)

The value of dislocation density (0) was calculated using
the relation

d=15a/eD 3)

where a is the lattice parameter.

The XRD results showed that the crystallite size (D) of
slow heat treated mullite samples ranged from 29.4 nm at
1300 °C to 40.5nm at 1600 °C. On the other side, the
crystallite size of fast heating mullite samples ranged from
27.6 nm at 1300 °C to 34.9 nm at 1600 °C. Furthermore,
it was observed that as the crystallite size (D) increased,
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Fig. 1. XRD patterns of mullite samples sintered at 1600 °C for 5h at
various heating rates.
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Table 1
Differences between mechanical properties of mullite samples annealed at different heating rates.
Sintering temperature (°C) 4 (A) Cs (nm) £ (x1072) 5 (x10°cm™?) Hy (GPa)
5°min~!  30°min~! 5°min™! 30°min~! 5°min™' 30°min~! 5°min~!' 30°min~' 5°min~! 30°min~!
1300 7.664 7.656 29.4 27.6 5.47 5.82 7.149 7.149 1.63 1.62
1400 7.660 7.666 32.3 29.1 5.32 5.67 6.687 6.969 2.39 2.29
1500 7.653 7.654 37.2 32.8 4.97 5.11 6.209 6.849 2.59 2.44
1600 7.649 7.650 40.5 34.9 4.63 4.85 6.119 6.779 4.97 4.58
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Fig. 2. Effect of heating rate on linear shrinkage of sintered mullite
ceramics.

lattice defects decreased, which in turn reduced the internal
microstrain (¢) and dislocation density (6). In fact, the
increase in peak intensity and decrease of FWHM were
due to improvement in the crystallinity and a reduction in
the microstrain [28].

3.2. Sintering and mechanical properties

Fig. 2 shows the change of linear shrinkage of the
mullite samples with the heating rate. As the sintering
process accelerates with temperature increase, particles get
closer, leading to lower porosity, namely higher pellet
density. The biggest shrinkage is achieved for samples
sintered with fast heating rate, while for those with slow
heating rate the shrinkage is much smaller. The variations
in bulk density and apparent porosity of mullite samples
sintered at two heating rates of 5° and 30°min~' are
shown in Fig. 3. It is noticed that the heating rate exhibited
a positive effect on the densification of the mullite
ceramics. About 19.1% improvement in the density is
observed with a 30 °min~' heating rate at the highest
sintering temperature under investigation. The apparent
porosity was reduced by 4.1% in the rapid heating rate at a
sintering temperature of 1600 °C which is in agreement
with observations by Li and Li [29]. Furthermore, it was
seen that the bulk density of the sample increases with the
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Fig. 3. Effect of heating rate on sintering properties of mullite samples
sintered at various temperatures for 5h. Bulk density and apparent
porosity of mullite samples at 5°min~' (A and A*) Bulk density and
apparent porosity of mullite samples at 30°min~'(B and B¥).

increasing sintering temperature up to 1500 °C at any rate
of heating. Then the maximum densities dropped with
rising the temperature up to 1600 °C. The dropping in the
bulk density could be related to the formation of short
whisker networks, Fig. 3, which act as barriers to densi-
fication. In other words, with increasing sintering tempera-
ture, the mullite grains grow larger (i.e. exaggerated grain
growth) but without shrinkages occurring to promote
density [23,30-33]. The mean values of measured micro-
hardness of mullite nanocomposites are depicted in
Table 1. It is observed that hardness values increased with
rising sintering temperature. In addition, the heating rate
affects the hardness values slightly at low sintering tem-
peratures, while strongly affecting the hardness values at
high sintering temperature. Such effects could be due to
the pronounced difference in porosities and densities of the
prepared samples.

3.3. Microstructure investigation

Fig. 4 illustrates the scanning electron microscope (SEM)
micrographs of mullite samples sintered at 1300 °C and
1600 °C for 5 h with heating rates of 5° and 30° min~'. As
clearly shown, the mullite composites exhibited different
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Fig. 4. SEM microstructure of mullite ceramics sintered at 1300 °C and 1600 °C respectively for 5 h. Slow heating rate, 5°min~' (a and b). Fast heating

rate, 30°min ! (c and d) [magnification x 2000].

Fig. 5. Typical Knoop or Vicker’s impressions of mullite ceramics sintered at 1300 °C (a) and 1600 °C (b), respectively, for 5 h with heating rate 5°min~

[magnification x 350].

microstructure dependences on the heating rate. Microstruc-
ture of the mullite composite sintered at 1300 °C with low
heating rate (Fig. 4a) was characterized by the formation of
agglomerated particles (i.e. higher crystallization) and larger
density, while the mullite composites with fast heating rate
(Fig. 4c) showed both lower density and agglomeration. On
the other hand, microstructures (Fig. 4b and d) of the mullite
composites sintered at 1600 °C appeared almost the same but

1

the values of both apparent porosities and bulk densities were
totally different [34]. At the same heating rates, sharp growth
of mullite grains was observed for mullite samples sintered at
1600 °C (Fig. 4c and d), which may be attributed to the
complete crystallization. It was reported that for samples
with anisotropic mullite grains, elongated mullite grains were
always accompanied with a number of fine mullite grains,
and with increasing sintering temperature or time, in the
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Fig. 6. Correlation between grain size and electrical resistivity of sintered mullite ceramics at various heating rates: (a) 5 °min~" and (b) 30 °min~".

more elongated grains less fine grains can be formed which is
in agreement with the obtained results [35-37].

Fig. 5 depicts SEM micrographs of the impressions
obtained by the Knoop or Vickers indentation of mullite
samples sintered at 1300 °C and 1600 °C with the same
heating rate. As listed in Table 1, it is found that the crack
radials in case of higher sintering temperatures were
smaller than those of lower sintering temperature. These
indenter observations emphasize the rightness of the
measured porosities, densities and hardness values.

3.4. Electrical properties

3.4.1. DC electrical resistivity of sintered mullite

The electrical resistivity (p) of mullite samples increases
with rising sintering temperature as a result of the
densification effect. It is known that in ceramic materials,
the absence of lattice defects such as vacancies and
interstitials in the structure aids resistance and vice versa
[38] as illustrated in Table 2. Consequently, it is found that
mullite samples sintered at a fast rate (30° min ') possess
higher electrical resistivity (p) values than those samples
sintered at a slow rate (5° min~"') within the temperature
range of 1400-1600 °C. (Fig. 6) displays the correlation
between the grain size (D) and electrical resistivity(p) at
different sintering temperatures. It is noticeable that both
the grain size (D) and electrical resistivity (p) were found to
increase with increasing sintering temperature of mullite
samples.

Table 2
Effect of heating rate on DC electrical resistivity of mullite samples.

Sintering temperature (°C) p (Qcm)

5°min~! (x 10%) 30 °min~ ' ( x 10%)

1300 1.716853 0.453312
1400 1.801799 2.60572
1500 7.44716 14.3391
1600 33.6898 70.2589

3.4.2. Dielectric permittivity and dielectric loss tangent of
sintered mullite

The dielectric properties of materials are used to
describe electrical energy storage, dissipation and energy
transfer. Electrical storage is the result of dielectric
polarization. Dielectric polarization causes charge displa-
cement or rearrangement of molecular dipoles. Electrical
energy dissipation or loss results from electrical charge
transport or conduction, dielectric relaxation, resonant
transitions and nonlinear dielectric effects.

The plots of dielectric permittivity (¢) versus frequency
values (Hz) of sintered mullite samples with different
heating rates are given in Fig. 7. In general, the values of
dielectric permittivity (¢) when rapidly heat treated are
higher than those values of the slowly heat treated samples.
The obvious shift in dielectric permittivity (¢) values is
coherently accompanied by the obtained bulk density
curves.
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Fig. 7. Dependence of dielectric permittivity (¢) of mullite samples on heating rate sintered at (a) 1300 °C (b) 1400 °C (c) 1500 °C and (d) 1600 °C.
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Fig. 8. Effect of frequency region on dielectric properties of sintered mullite ceramics at various heating rates: (a) 5 °min~"' and (b) 30 °*min~".

Moreover, the sintering temperature weakly affects the
dielectric properties as shown in Fig. 8. The most remark-
able result is that the dielectric permittivity (¢) is essentially
frequency dependent between the radiofrequency range in
megahertz (a) and the microwave frequency range in
gigahertz (b). In fact, such a surprising investigation

exhibits better dielectric properties for the mullite sintered
samples to be conducted under the continuous gigahertz
frequency range.

Fig. 9 indicates the variation of dielectric loss (tan J) as a
function of sintering temperature at 1.5 GHz with different
heating rates. It is observed that the dielectric loss
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Fig. 9. Dependence of dielectric loss tangent (tan J) of mullite samples on
the heating rate and sintering temperature at 1.5 GHz.

decreased with increasing sintering temperature up to
1400 °C, as saturation is obtained above 1400 °C. It is
known that the dielectric loss tangent tan ¢ is a dimension-
less ratio of the imaginary dielectric loss to the real
dielectric loss, tan 6=¢"/¢'. Therefore, slowing the heating
rate of the sintering process positively affects the dielectric
properties of the mullite sintered samples, particularly in
the gigahertz frequency range (i.e. decreases the imaginary
part dielectric permittivity, &”).

4. Conclusion

Single phase nanocrystalline mullite powders prepared
from alkaline monophasic salts have been sintered at
different temperatures from 1300 to 1600 °C under two
heating rates, 5° and 30 °min~'. The maximum bulk
density of mullite samples obtained at the slow heating
rate was about 2.65g/cm® at the sintering temperature
1500 °C. Mullite samples sintered under slow heating rate
over the temperature range have high values of micro-
hardness compared with those sintered under the fast
heating rate. Clear differences were found in the micro-
structures of mullite samples that could be related to the
change in heating rate, which have an apparent effect on
the densification behavior. Furthermore, it was found that
mullite composites sintered at 1600 °C under the fast
heating rate have a duplex DC resistivity value compared
with those prepared under slow heating rate. The dielectric
permittivity measurements of the prepared mullite nano-
powders exhibited high values through sintering under the
fast heating rate. A strong dependency of the dielectric
permittivity on the frequency was observed for all the
samples. According to the dielectric loss results, the
sintering temperature was found to be a small impact after
1400 °C. Furthermore, the effect of heating rate on the
dielectric loss could be observed either in the radiowave
frequency region or in the microwave frequency region.
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