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1. Introduction
Mullite (3Al2O3.2SiO2) is one of the foremost ceramic 

materials and extensively studied crystalline phases in the 
Al2O3–SiO2 binary system1. Mullite has become a strong 
candidate material for advanced structural and functional 
ceramics in recent years, due to its outstanding properties 
of low thermal expansion, low thermal conductivity, and 
excellent creep resistance. Other favorable characteristics of 
mullite are suitable high temperature strength and excellent 
stability in harsh chemical environments2.

However, the sintering of commercial mullite powders 
to produce dense compacts requires relatively high 
temperatures (>1600 °C) due to the strong covalent bonds 
in mullite and to the low interdiffusion rates of Si4+ and 
Al3+ within the mullite lattice3-5. Therefore, studies on the use 
of sintering aids to enhance the densification and sintering 
kinetics and lower the sintering temperature of mullite 
bodies are very important in order to produce high-strength 
low-cost bodies6.

The role of sintering additives has been attributed to 
the formation of liquid phase and to a reduction in viscosity 
of the glassy (or liquid) phase or to a reduction in mullite 
formation temperature in gel-derived powders, thereby 
leading to higher mobility of diffusing species7-11.

Reports in the literature on studies involving mullite 
have focused on the nucleation of gel-derived mullites and 
doped mullites5,7,12-16 and on the conventional sintering of 
mullite compacts17-20. Few researches have investigated 
the fast sintering behavior of mullite bodies21-25, and 
even fewer studies26,27 have sought to ascertain the 

influence of additives on the rapid sintering of mullite. In 
this context, some studies have observed benefits in the 
use of MgO9,18,28 and L2O3

10,29-31 as sintering aids in the 
densification, microstructure evolution and strength of 
sintered mullite bodies.

Studies17,18 on the sintering of industrial mullites in 
the presence of magnesia as a sintering aid attributed the 
enhanced densification of doped mullite bodies to the 
formation of liquid phase. The amount of glassy phase 
significantly influenced the sinterability of mullite, which 
decreased when the amount of glassy phase was reduced. 
Similar to MgO, La2O3 also shows a strong glass forming 
tendency according to the La2O3-Al2O3-SiO2 system10,32.

However, as depicted before, few studies26,27, and using 
only pulse electric current sintering, focused in the influence 
of these additives in the fast sintering of mullite, despite 
the advantages and benefits of the fast-firing technology.

The objective of fast firing is to enhance the ratio of the 
densification rate to the coarsening rate by rapidly reaching 
the sintering temperature. Because coarsening mechanisms 
commonly prevail over densification mechanisms at lower 
temperatures, it has been suggested that rapid heating to 
higher temperatures can favor the attainment of high density 
allied to fine grain size33,34.

However, fast sintering involves some difficulties. 
The problem most often encountered in conventional fast 
firing is differential sintering, which causes differential 
densification, non-uniform microstructures and specimen 
cracking24. In this context, microwave sintering has emerged 
in recent years as an alternative technique to overcome 
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the problems of conventional fast sintering. Because it is 
a noncontact technique and the heat is transferred to the 
product via electromagnetic waves, large amounts of heat 
can be transferred into the material, minimizing the effects 
of differential sintering. In addition, it is believed35 that 
densification processes during sintering can be accelerated 
by microwave energy, the microwave effect.

An analysis of data reported in the literature indicates 
that a basic understanding of the role of sintering additives 
in the fast sintering of mullite is still limited. Thus, this work 
aimed to evaluate the influence of MgO and La2O3 on the 
fast sintering of mullite.

2. Experimental Procedure
Commercial high-purity (99.5%) mullite (SCIMAREC 

MP40) powder was used in this work. Mullite powder 
is characterized elsewhere6. The chemical composition 
of mullite powder is similar to that of other commercial 
powders17, but it contains large amounts of ZrO2 (0.27%) 
and TiO2 (0.14%). The mullite used here had a D50 of 
about 1.5μm and a D10 and D90 of about 0.8 and 4.0μm, 
respectively. The powder’s wide particle size distribution 
ranged from 0.3 to 7μm, with a high concentration of 
particles sizes of about 2μm.

Pure mullite powder with and without sintering aids 
(MgO and La2O3) was dispersed in an alcoholic medium by 
ball milling for 8h. Doped mullite was prepared by adding 
suitable amounts of magnesium oxide (MgO, > 98.5%, 
Merck) and lanthanum oxide (La2O3, 99.5%, Merck) to 
obtain additive concentrations of 0.5 wt.%, 1.0 wt.% and 
2.0 wt.% of MgO (M) and La2O3 (L). The formulations 
containing 0.0 wt.%, 0.5 wt.%, 1.0 wt.% and 2.0 wt.% are 
identified here as Pure; 0.5M and 0.5L; 1M and 1L; and 2M 
and 2L, respectively. Disk-shaped samples (approximately 
12 mm in diameter and 3 mm thick) were produced by 
unidirectional pressing under 40 MPa, followed by cold 
isostatic pressing (CIP) under 200 MPa. The average green 
density of the compacted disks was approximately 58% of 
the theoretical density, as determined from their dimensions 
and weights. Powder compacts of pure and 2% MgO doped 
mullite of approximately 38 mm in diameter and 5 mm 
thick were also produced and are identified as Pure38D 
and 2M38D.

Powder compacts were sintered from 1400 °C to 
1600 °C with a soaking time of 120 min and a heating rate 
of 5 °C/min in conventional sintering processes. Samples 
were sintered at 1600 °C for 30min using heating rates of 
40, 60 and 80 °C/min in rapid firing processes. Samples 
were sintered in a microwave furnace (multimode cavity) 
at 2.45GHz (Cober Electronics, MS6K), using susceptor 
materials as auxiliary heating elements, in rapid sintering 
cycles. Details of this sintering assembly are given 
elsewhere24. Input power ranging from 0.9 to 2.4 kW and 
sintering times of up to 40 min were used in the microwave 
fast sintering processes. The cooling cycles of fast sintering 
and microwave sintering were not controlled, but the entire 
sintering (heating and cooling) cycle took < 1.5h in both 
processes.

The densities of sintered samples were determined 
by the water-immersion technique using the Archimedes 

method. X-ray diffraction analysis was performed using 
CuKα radiation (40 kV and 40mA as working conditions) 
(Siemens D-500) to identify the presence of MgO or 
La2O3 related phases after the sintering process. Scanning 
electron microscopy (SEM) (PHILIPS, models XL30-FEG 
and XL30-TMP) was used to analyze the microstructural 
evolution. SEM samples were prepared according to the 
standard ceramographic techniques (cross sections of 
samples were polished and thermally etched). Grain sizes 
were measured using the linear-intercept technique and a 
stereographic correction factor of 1.56 was used. At least 
600 grains were measured in each region.

3. Results and Discussion
Densities of conventionally sintered mullite (pure 

and doped) are shown in Figure 1. Sintering pure mullite 
up to 1550oC did not significantly increase the density of 
the compacts. At 1600oC, the density of pure mullite was 
approximately 90%. The addition of MgO and La2O3 favors 
the densification of mullite bodies, and all the doped samples 
presented higher densities than the pure mullite, which 
is consistent with reports in the literature9,10,18,30,31. MgO 
enhanced the final density of mullite bodies considerably. 
At 1500oC, the addition of 1.0 wt.% and 2.0wt.% of MgO 
increased the density to values exceeding 97%. Similar 
additions of La2O3 increased the density up to only 87% and 
92%, respectively, at 1500 °C. At 1600 °C, both additives 
effectively improved the densities, and additions of only 
0.5% increased the density to values of about 96%. The 
mechanism of densification in mullite is grain boundary 
mass transport or diffusion, and the densification rates are 
essentially controlled by the presence of a liquid film2. Thus, 
higher densities of doped mullite bodies have been attributed 
to the presence of liquid phase at sintering temperature, 
resulting from the addition of additives6,9,10.

The density of pure mullite decreased considerably as 
the heating rate rose (Figure 2). This is probably due to need 
of mullite of long times for diffusion and densification. MgO 
doped samples, whose density did not decrease with the 
heating rate, reached densities similar to the highest ones 

Figure 1. Relative density of conventionally sintered samples.
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attained in conventional sintering (Figure 1). The addition of 
a mere 0.5% of MgO favored 98% densification in mullite 
bodies, despite the fast heating rates. Samples doped with 
0.5  and 1% of La2O3 showed a reduction in densities in 
response to the increase in heating rates, decreasing from 
96-97% to approximately 89% and 94%, respectively. 
However, the samples containing 2% of La2O3 behaved 
similarly to MgO doped samples, i.e., their density was 
not affected by fast firing. Doped bodies presented higher 
densities than pure mullite bodies at all the heating rates 
applied here. This may be attributed to the presence of liquid 
phase in these bodies during sintering, which improved the 
mobility of diffusing species favoring densification

Figure 3 shows the densities of microwave-sintered 
mullite. The densities of pure mullite did not change 
significantly when microwave-heated for 20min, and 
increased by up to 80% when microwave-sintered for 
30 and 40 min. This value is lower than that achieved in 
conventional sintering, but is similar to the values attained at 
high heating rates (Figure 2). The power levels and sintering 
times applied in this study appeared to be insufficient for 
pure mullite to reach the critical temperature and couple 
efficiently with microwaves, which is necessary for fast 
sintering. This difficulty in microwave heating is the result 
of the very low dielectric loss factor of mullite, which 
requires very high temperatures for efficient coupling with 
microwaves.

Power levels of 0.9 and 1.2kW did not improve the 
densities of doped samples in any of the sintering times 
employed here. This may be attributed to insufficient energy 
(power and time) to raise the temperature of the samples and 
develop a densification process using microwave energy. 
However, at higher power levels, doped mullite achieved 
densities of approximately 97% in heating cycles of only 
20 minutes. Doped bodies will develop liquid phase with 
heating, and this liquid phase increases the bodies’ dielectric 
loss and hence their microwave absorption characteristics. 
Moreover, liquid phase is heated selectively, which increases 

its temperature and decreases its viscosity, improving even 
more the diffusion and densification mechanisms.

Microwave fast-sintered bodies were devoid of cracks, 
which is a reliable indicator of homogeneous distribution 
of temperature in the bodies. However, samples Pure38D 
and 2M38D presented some cracks when conventionally 
fast sintered at 80oC/min. This indicated that despite the 
improvement in the densification behavior in response 
to MgO doping, the conventional fast sintering process 
presented limitations as a function of sample size.

MgO doped samples presented better densification 
behavior than La2O3 doped mullite. MgO doped mullite 
achieved densities of around 95% at a power level of 1.8kW, 
while lanthanum doped bodies reached similar densities at 
a power of 2.4kW and longer sintering times. However, all 
the doped samples exhibited higher densities than those of 
pure bodies in all the processing conditions of this study.

Pure samples and bodies containing 0.5 and 1.0% of 
sintering aids presented only mullite as crystalline phase 
after conventional sintering, fast sintering and microwave 
fast heating, according to the X-ray diffraction analysis. 
La2O3 or La2O3 related compounds were not observed in 
samples doped with 2.0%, irrespective of the processing 
conditions employed.

A change in mullite composition and related silica or 
alumina segregation is a phenomenon that occurs during 
high temperature processing or applications. Changes in 
concentration are due to the fact that the stability field of 
mullite tends towards Al2O3 at temperatures higher than 
1600 °C36,37. This indicates that microwave firing did not 
reach temperatures higher than 1600 °C or the cycle time 
was insufficient to decompose the mullite, which explains 
why only mullite was observed in the XRD patterns of 
pure samples.

However, spinel and alumina were detected in 2M 
samples. Figure 4 shows the XRD patterns of pure mullite 
fired at 1600 °C, 2M conventionally sintered samples and 
2M fast fired samples. 2M microwave-sintered samples 

Figure 2. Relative density of fast sintered samples: a) MgO doped, and b) La2O3 doped.
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Figure 3. Relative density of samples microwave-sintered for: a) 20min, b) 30min and c) 40min.

also presented spinel and alumina when sintered for 40min, 
Figure 5.

Many authors9,17,18 have reported that sintering additives 
such as MgO, promote sintering in the presence of liquid 
phase, and that the addition of MgO increases the amount 
of glassy phase and induces partial dissolution of mullite18. 
It can be understood from the MgO–Al2O3–SiO2 phase 
diagram that MgO addition can produce MgO–Al2O3 spinel 
at high temperatures. However, it should be emphasize that 
the analysis of the development of the crystalline phases 
depends on the system composition, the doping levels. In 
samples doped with 2.0 wt.% of MgO the final composition 
will enter the mullite-cordierite-sapphirine triangle, in 
which liquid forms at 1460 °C, and phases like cordierite 
or sapphirine could be expected after sintering (if there is 
enough cooling time). At high temperatures (higher than 
1480 °C) and considering this equilibrium triangle the 
present phases are mullite, alumina and spinel. Temperatures 
lower than 1578 °C and regions with micro-heterogeneities 
richer in MgO will favor the formation of spinel. Thus, the 
presence of alumina and spinel observed in 2M samples is 

a consequence of the system composition, of the processing 
temperatures and of the reaction kinetics during the cooling 
cycles.

In this sense, studies18 that analyzed the evolution 
of mullite bodies with increasing amounts of MgO as a 
sintering aid reported up to 11% and 25% of alumina in 
bodies containing 2 and 3 wt.% of MgO, respectively, 
after the sintering. On the other hand, when the sintering 
time or temperature is insufficient to cause high mullite 
dissolution, the amount of alumina in sintered bodies is 
expected to decrease. 2M bodies subjected to conventional 
fast sintering showed the presence of alumina. However, as 
mentioned earlier, with microwave sintering, alumina was 
detected only in samples processed for 40min. Thus, fast 
microwave processing of 2M samples for 20 and 30 min 
did not lead to high dissolution of mullite, despite the high 
densification achieved in these processing cycles. Low 
dissolution of mullite reduces the amount of glassy phase 
in bodies, which causes the development of microstructures 
containing prismatic mullite grains.
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densities, MgO doped fast sintered samples showed a 
slightly smaller average grain size, while the average grain 
size of La2O3 doped bodies remained practically unchanged 
(Table 1). These results suggest that increasing the heating 
rate from 5 to 80oC/min when sintering doped bodies favors 
a narrower grain size distribution but not a reduction in 
grain size (comparing bodies with similar densities). The 
exception was the 2M sample, which exhibited a statistic 
significant decrease in average grain size (t test, p<0.001) 
and different grain size distribution (Mann-Whitney test, 
p<0.001) when the heating rate was increased from 40 to 
80 °C/min. This behavior suggests that the fast sintering 
seems to be more effective in samples containing higher 
amount of MgO, favoring densification over coarsening 
mechanisms.

Figures 12 and 13 depict the microstructures of 
microwave-s in te red  samples .  In  genera l ,  the 
microwave‑sintered samples exhibit greater homogeneity 
and narrower grain size distributions than those of 
conventionally sintered samples. However, the possible 
presence of liquid phase during sintering enhances the 
absorption of microwaves and promotes a rise in temperature 
and accelerates diffusion. This favors not only densification 
but also grain growth and the formation of elongated grains. 

Figure 4. XRD patterns of the conventionally and fast sintered 
2M samples.

Figures 6 and 7 depict SEM micrographs and 
Figures 7 and 8 show the grain size distribution of 
conventionally sintered doped samples. Mullite grain 
size increased as the amount of sintering aids increased, 
presenting a broader grain size distribution, irrespective of 
the sintering temperature. This effect was more pronounced 
in MgO doped samples. MgO doped samples presented 
heterogeneous microstructures with elongated grains after 
sintering at 1600 °C, whatever the amount of additive 
used. The La2O3 doped samples also displayed elongated 
grains, but presented less heterogeneous microstructures. 
Doped samples presented a broader grain size distribution 
(Figure  8 and 9) due to the presence of liquid phase. 
The literature2,38 indicates that mullite prepared in the 
absence of liquid phase invariably leads to an equiaxial (or 
quasi‑equiaxial grain) microstructure, whereas the formation 
of elongated grains requires the presence of a liquid phase.

SEM micrographs of  fast  s intered samples 
(Figure  10 and 11) revealed the presence of elongated 
grains that were finer and more homogenous than those of 
samples conventionally sintered at 1600 °C. Increasing the 
heating rate resulted in more homogenous microstructures, 
with narrower grain size distributions, (Figures 8 and 9). 
Compared to conventionally sintered samples with similar 

Figure 5. XRD patterns of 2M samples microwave fast sintered 
for 40min.
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Figure 6. SEM micrographs of MgO doped samples conventionally sintered at 1500 °C/2h: (a) 0.5M, (b) 1M, (c) 2M; and at  
1600 °C/2h (d) 0.5M, (e) 1M, (f) 2M.

Figure 7. SEM micrographs of La2O3 doped samples conventionally sintered at 1500 °C/2h: (a) 0.5L, (b) 1 L, (c) 2L; and  
at 1600 °C/2h (d) 0.5L, (e) 1L, (f) 2L.
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Figure 8. Grain size distribution of sintered MgO doped samples: (a) Pure, (b) 0.5M, (c) 2M.

Figure 9. Grain size distribution of sintered La2O3 doped samples: (a) Pure, (b) 0.5L, (c) 2L.
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Figure 10. SEM micrographs of samples fast sintered at a heating rate of 40oC/min: (a) 0.5M, (b) 1M, (c) 2M, (d) 0.5L, (e) 1L, and 
 (f) 2L.

Figure 11. SEM micrographs of samples fast sintered at a heating rate of 80oC/min: (a) 0.5M, (b) 1M, (c) 2M, (d) 0.5L, (e) 1L, and (f) 2L.
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Table 1. Average grain size of conventionally and fast sintered samples.

Sintering Condition
Average Grain Size (μm)

Pure 0.5M 1M 2M 0.5L 1L 2L

Conventional
1500 °C/2h 1.6 ± 0.9 3.4 ± 2.2 3.7 ± 2.9 4.0 ± 2.7 2.3 ± 1.5 2.8 ± 1.7 2.4 ± 1.5
1550 °C/2h 1.6 ± 0.8 3.8 ± 2.2 4.4 ± 2.8 4.7 ± 2.6 2.4 ± 1.5 2.7 ± 1.5 3.1 ± 1.8
1600 °C/2h 2.7 ± 1.5 4.9 ± 3.0 4.9 ± 3.2 6.3 ± 4.6 3.3 ± 1.7 3.3 ± 1.8 3.5 ± 2.0

Conventional
Fast

40 °C/min 2.9 ± 1.4 3.4 ± 1.9 4.1 ± 2.7 5.0 ± 2.6 3.4 ± 1.7 3.2 ± 1.8 3.3 ± 1.8
60 °C/min 2.7 ± 1.4 3.2 ± 1.6 4.0 ± 2.8 4.3 ± 2.3 3.1 ± 1.6 3.2 ± 1.9 3.5 ± 1.8
80 °C/min 2.4 ± 1.2 3.2 ± 1.6 3.6 ± 2.1 3.7 ± 2.4 3.3 ± 1.7 3.1 ± 1.8 3.3 ± 1.6

Microwave

1.8kW/30min 1.8 ± 0.8 2.5 ± 1.3 3.0 ± 1.5 4.1 ± 2.3 2.8 ± 1.2 2.2 ± 1.1 2.6 ± 1.3
1.8kW/40min 2.2 ± 1.2 3.3 ± 1.8 3.7 ± 2.1 4.5 ± 2.8 2.4 ± 1.2 2.6 ± 1.3 2.6 ± 1.3
2.1kW/20min 2.6 ± 1.2 2.7 ± 1.3 3.2 ± 1.6 3.8 ± 2.1 2.7 ± 1.1 2.5 ± 1.2 2.6 ± 1.1
2.1kW/40min 2.4 ± 1.2 3.3 ± 2.1 4.2 ± 2.5 5.3 ± 3.2 2.8 ± 1.6 2.8 ± 1.6 3.0 ± 1.7
2,4kW/30min 2.7 ± 1.4 3.4 ± 1.9 4.3 ± 2.5 4.9 ± 3.0 3.4 ± 1.8 2.9 ± 1.7 3.2 ± 1.8
2.4kW/40min 2.5 ± 1.0 3.6 ± 2.2 4.1 ± 2.7 4.8 ± 2.9 2.8 ± 1.2 4.9 ± 2.8 5.8 ± 3.3

Figure 12. SEM micrographs of MgO doped samples microwave-sintered at: 1.8kW/30min (a) 0.5M, (b) 1M, (c) 2M; and 1.8kW/40min 
(d) 0.5M, (e) 1M, (f) 2M.
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Thus, a balance must be achieved between the amount 
of additive, the power level and the sintering time in the 
microwave sintering process to attain not only high densities 
but also homogeneous microstructures. A good example of 
this requirement is the increase in sintering time from 30 to 
40min at a power level of 1.8kW, which was applied to 
process MgO doped mullite (Figure 12). The longer sintering 
time led to a broader grain size distribution and increased 
the amount of elongated grains.

Microwave-sintered samples doped with La2O3 required 
higher power levels to reach densities similar to those of 
MgO doped bodies, as can be seen in Figure 3. This is due to 
the lower densification or heating behavior of La2O3 doped 
samples in microwave sintering. However, the use of an 
adequate sintering cycle results in more homogenous 
microstructures, with a smaller average grain size and 
narrower grain size distribution.

The microstructures of microwave-processed samples 
proved to be highly dependent on the sintering conditions, 
as mentioned earlier. Thus, according to the power level 
and heating time used, microstructures may be similar, finer 
or coarser than those achieved when conventionally fast 
sintering doped bodies.

Based on a comparison of the densities and 
microstructures of pure and doped mullite, the pure samples 
were found to present a more porous microstructure in all the 
analyzed conditions. This difference was more pronounced 
in fast firing cycles, with pure mullite bodies presenting 
significantly lower densification. The short time of fast 
sintering processes and the slow diffusion in mullite systems 
appeared to be the reasons for the difficulty in achieving 
densification of fast sintered pure mullite. The conclusions 
and results obtained here indicate that effective fast sintering 
of mullite bodies seems to be dependent on the use of liquid 

Figure 13. SEM micrographs of La2O3 doped samples microwave-sintered at: 2.1kW/30min (a) 0.5L, (b) 1L, (c) 2L; and 2.1kW/40min 
(d) 0.5L, (e) 1L, (f) 2L.
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phase-promoting additives. Moreover, in microwave fast 
sintering a liquid phase will also improve the coupling with 
microwaves, accelerating the densification process.

4. Conclusions
The influence of MgO and La2O3 on the fast sintering 

of mullite was investigated here. MgO and La2O3 exerted a 
marked influence on the densification process of fast sintered 
samples, and only the doped bodies achieved high densities 
when rapidly sintered. Fast sintering of mullite bodies seems 
to be highly dependent on the presence of some liquid 
phase-promoting additive. The microstructures of doped 
fast sintered bodies were more homogenous than those of 
conventionally sintered samples, but presented a similar 

average grain size. The additives significantly improved 
mullite coupling with microwaves, and only doped bodies 
displayed high densities in microwave fast sintering. The 
microstructures of microwave-processed samples showed 
a strong dependence on the sintering conditions, and it was 
found that a balance is required between power, time and 
amount of additives to obtain highly dense and homogenous 
microstructures.
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