
J. Ceram. Sci. Technol. 9-18 (2019)
DOI: 10.4416/JCST2018-00043
available online at: http://www.ceramic-science.com
© 2019Göller Verlag

Low temperature synthesis of alpha alumina platelets and
acicular mullite in MgO-Al2O3-SiO2 system

M. A. Zalapa-Garibay1, 2, A. Arizmendi-Moraquecho2, S. Y. Reyes-López*3
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Abstract
The refractory materials are more reliable and less expensive, this research is based on materials like alumina and

mullite because it offers a very high refractoriness. In the present study an acicular mullite and aaa-alumina platelets
were synthesized by using a synthesis of chemicals related to raw materials SiO2 45 wt%-Al2O3 45 wt% – MgO
10 wt%. The aaa-alumina platelets and acicular mullite were obtained in a reduced processing time and temperature,
compare to conventional methods, such as sol-gel method, microwave sintering, chemical synthesis, combustion
synthesis and lip casting and sintered. The composition, thermal analysis and micro structure evolution were followed
by X-ray diffraction, differential thermal analysis and scanning electron microscopy (SEM). The synthesis of chemicals
method based on Pechini process was successfully to synthesize aaa-alumina platelets and acicular mullite. All the
precursor powders used have an amorphous structure with submicron particle size. The effect of MgO in the formation
ofaaa-alumina platelets and acicular mullite at low temperature was found. Theaaa-alumina platelets and acicular mullite
was detected after heating at 800 °C and the dissolution aaa-alumina platelets for the formation of secondary mullite is
around 1000 °C. It was observed that at 1400 °C it’s crystallized type III of secondary mullite. The behavior of the
evolution of the phases and compact solid samples from oxides was made.
Keywords: Mullite, alumina, microstructure.

I. Introduction
Currently, ceramics, refractory materials, glass-ceram-
ics materials and composite materials based on the MgO-
Al2O3-SiO2 system has received increasing value among
the materials for the new fields of engineering. The prod-
ucts manufactured with these materials have a coefficient
of lowthermal expansion, ahighmechanical resistanceand
a high thermal and chemical resistance1. The morpholo-
gy and stoichiometry of mullite can obviously be influ-
enced by the starting materials and the processing tech-
nique. However, it is known, for example, that the stoi-
chiometricmullite 3Al2O3⋅2SiO2 is only formed fromox-
ide precursors at high temperatures, while the non-stoi-
chiometric mullite 2Al2O3⋅SiO2 is derived only from the
melt-derived systems. Subsequently, the unstable spinel
precursorphaseofmullite is transformed intoorthorhom-
bic mullite at 1075 °C. Furthermore, the chemical nature
of precursory phases can modify the temperature of mul-
lite formation. In porcelain bodies and glass ceramics, pri-
mary mullite can form on the surface of kaolinite relicts
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that in turn serves as a seed for the crystallization of the
secondarymullite needles as alkali diffuses out of feldspar
at higher temperatures. As the temperature increases, the
grain growth from liquid phase overlaps the dissolution
of mullite grains and a bimodal microstructure develops,
with an increasing fraction of large tabular grains (acicu-
lar mullite)2,3. Tertiary mullite has been reported in alu-
minous porcelains precipitating out of alumina-rich liq-
uid. The starting compositions, and especially the alumi-
na/silica ratio, determine the evolution of mullite crystals
growth. Furthermore, the mullitization reaction process
is accomplished at lower temperatures if the proportion of
alumina in the sample is above the stoichiometric compo-
sition ofmullite.On the other hand, if the alumina content
is too high, the excess alumina might undergo structural
rearrangements and give rise to the formation of a-alumi-
na2,3.
Alumina is an advanced material with microelectronic
and structural applications, as well as in the technology
for thermonuclear fusion reactors. Alumina is an impor-
tant technical ceramic, extensively used in microelectron-
ics, catalysis, refractories, abrasives and structural applica-
tions. Specifically, high quality corundum polycrystalline



10 Journal of Ceramic Science and Technology —M. A. Zalapa-Garibay et al. 2019

materials are used as electronic substrates and as bear-
ings in watches and in various high precision devices 4.
Thea-Al2O3 is particularly stable due to the selective po-
sitionofoxygen sublattice inoctahedral sites insteadofbe-
ing in both tetrahedral and octahedral sites as in the case of
themetastablephases5.Aluminaceramicsmaterials arebe-
ing considered as a promising candidate for dielectricwin-
dows on high frequency heating systems due to its very
low dielectric losses at high frequencies and its radiation
resistance 6.
Alpha alumina (a-Al2O3) platelet is a very useful mate-
rial, which exhibits high hardness, high young´s modu-
lus, high strength and chemical resistance. The plate-like
shapemakesa-Al2O3platelets useful as reinforcements in
various composites because of the energy dissipation in-
duced by the incorporation of platelets7. There are sever-
al methods for preparing a-Al2O3 platelets, for instance,
Hill et al 8 produced a-Al2O3 platelets by calcining alu-
mina and aluminum fluoride mixture powder. Unfortu-
nately, fluoride required by these methods is harmful to
the environment. Miao and Sorrell 9 obtained a-Al2O3
platelets by calcining amixture of natural topaz and zirco-
nia. Hashimoto and Yamaguchi 10 synthesized a-Al2O3
platelets using Sodium sulfate flux. However, these meth-
ods need a calcination temperature as high as 1200 °C
and will consume too much energy. Recently, Park et al.
11 synthesized a-Al2O3 platelets using flux method in
2.45 GHzmicrowave field;Wu et al.12 prepared a-Al2O3
platelets by laser scanning alumina powders; Wei et al.13
synthesized a-Al2O3 hexagonal platelets using electro-
static spray assisted chemical vapour deposition. Howev-
er, these techniques require complicated equipment and
high temperatures14,15 – 20. Therefore, continuous efforts
are being made to develop new processing routes for high
quality alumina or mullite based ceramics. These efforts
are partially responsible for recent developments of chem-
ical processing approaches, especially for advancedceram-
ic applications 15 – 18,21 – 23.
The rate of mullite formation depends on the tempera-
ture of the reaction15 – 17. For the reason thatmullite pow-
der compacts have poor solid state sinterability 13, many
studies had been dedicated to investigating the effect of
adding sintering aids such as MgO, SrO, B2O3, TiO2,
CeO2 andY2O3 14 – 36. Itwas reported thatMgOaddition
resulted in the formation of mullite with equiaxed mor-
phology, promotedgraingrowthand increased thedensity
23,28. There are several techniques available for the prepa-
rationof alumina and acicularmullite platelets, e. g. sol-gel
method, microwave sintering, chemical synthesis, com-
bustion synthesis and lip casting and sintered2,4,7. Each
method has its own characteristics.
The Pechini method or the polymer precursormethod is
based on the polymerization of metal citrate using ethy-
lene glycol. A hydrocarboxylic acid, such as citric acid, is
used to chelate the cations in an aqueous solution. The ad-
dition of a glycol such as ethylene glycol leads to the for-
mation of an ester. The polymerization reaction, promot-
ed by heating the mixture, results in a homogeneous resin
inwhich themetal ions areuniformlydistributed through-
out the organic matrix. A primary heat treatment in an

oxidizing atmosphere around 250 – 350 °C produces the
so-called precursor powder. This method has advantages
such as good homogeneity, good stoichiometric control
and good control of particle morphology29.
The objective of the study is to obtain the composite, by
thePechinimethod that allowsus toobtain themullite and
alumina at lower temperatures, with specific morpholo-
gies as the case of the hexagonal plates for the alumina and
acicular forms for the mullite. In addition, to the compact
densification (alumina-mullite composite) to observe the
behavior in the evolution of the phases under these condi-
tions.

II. Experimental Procedure

(1) Synthesis of the alumina and mullite powders
The synthesis of the alumina platelets and the acicular
mullite were prepared by the PechiniMethod. Aluminum
oxide, siliconoxide andmagnesiumoxide (Al2O345%wt:
SiO2 45%wtMgO10%wt)were dissolved in 10ml of hy-
drofluoric acid. Citric acid was subsequently added dur-
ing stirring, and then the required amount of propylene
glycol was added to the solution and heated to 70 °C for
2 hours in HERATHERMM oven OGS60. Finally the
pH was adjusted to 9 with ammonium hydroxide (all the
reagents usedwere purchasedwith the SigmaAldrich sup-
plier with <99% trace metal basis). The resulting suspen-
sionwas dried by the spray drying technique to reduce the
synthesis time and obtain homogeneous powders. The re-
sulting powder was calcined in the temperature range of
100 to 1500 °C in a conventional resistance furnace MTI
1700Xwithoxygen atmosphere toobtain thepowders, for
a permanence time of 2 hours.

(2) Synthesis of alumina-mullite composite
For comparative purposes, a composite material of mul-
lite-alumina was made using SiO2 silicon oxide (d50 =
3.7 lm, Reachim, Russia), a-Al2O3 alumina (d50 = 3 lm,
Nabalox no 325, Nabaltec AG, Germany) and magne-
site (Sigma Aldrich <99% trace metal basis, -325 mesh) in
dust. The ratio of a-Al2O3: SiO2: MgO was maintained
at 45wt%:45wt%:10wt%.A first step, the powderswere
mixed in planetary ball milling at a speed of 700 rpm for 3
hours, Poly (vinyl alcohol) (PVA) was added as an organ-
ic binder. Subsequently, samples were made with the help
of a hydraulic press applying a uniaxial pressure of 2.5 Pa
per 1 minute, using a die of 0.5in diameter. The samples
were subjected to a heat treatment at 80 °C for a period
of two hours, then the samples were sintered at 1100 °C,
1200 °C, 1300 °Cand 1400 °Cat a heating rate of 10K/min
for 2 hours, using a muffle furnace model MTI 1700X.

(3) Characterization
Thesamplesof compositematerialweredried for48hat a
temperatureof200 °C inadrying inHERATHERMoven.
After this period, the weight did not change in the case
of the composite. For thermal treatments, a high tempera-
tureMTI1700X furnacewasused, using aheating speedof
10K/min,with adwell timeof 2hours anda cooling rateof
10K/min. The compositional and structural study of the
powders and composites obtainedby eachof the synthesis
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methods was carried out by means of the following tech-
niques. The gravimetric thermal analysis (TGA) and the
differential scanning calorimetry (DSC), were carried out
using aNewCastle Instrument Q600 instrument, obtain-
ing the sequence of thermal decomposition in the air, in a
temperature rangeof 100 to1500 °C,using aheating rateof
10K/min,with100 cm3/minof air flow.Thecrystal evolu-
tion as a functionof temperaturewasdeterminedbyX-ray
diffraction (Empyrean, PanalyticalwithCuKa radiation).
For the characterization by means of infrared spectrome-
try, an Alpha Platinum FT-IR (Bruker Optics Inc) series
equipment was used to obtain infrared spectra using the
ATR technique (with diamond crystal), the spectra were
accumulated in 64 scans at 2 cm-1. Finally, in the character-
ization bymeans of scanning electronmicroscopy (SEM),
a Jeol JSM-6010 microscope was used at 20 kV.

III. Results and discussion

(1) Synthesis of the alumina and Mullite powders

(a) Thermal gravimetric Analysis and Differential scan-
ning calorimetry

Fig. 1 shows the behavior of theTGAandDSCanalyzes.
In TGA of previously heated sample at 200 °C a signifi-
cant weight loss in a temperature range of 25 °C to 450 °C
is seen, weight loss is attributed to water and decompo-
sition of organic compounds of the reactions of Pechini
method. In the range of 450 °C to 1050 °C, a weight loss
of 10% is observed for the decomposition of AlF3 and
Mg2SiO4 to form alumina and Mullite. In the range tem-
perature of 1050 °C to 1350 °C, weight gain is observed,
which is indicative of an oxidation reaction of the alu-
minum 4– 10. Subsequently, between 1350 °C and 1500 °C
a slightweight loss is observeddue to structural rearrange-
ment of a-Al2O3 platelets and acicular mullite.
Analysis of Differential Scanning Calorimetry present-
ed in Fig. 1 of previously heated sample at 200 °C, reflect-
ing the decomposition of organic compounds having two
endothermic peaks at a temperature of 350 °C and 450 °C,
oneexothermicpeakat1150 °Ccorresponding to thecrys-
tallization of a-Al2O3 platelets, and finally, the endother-
mic peak observed at a temperature of 1400 °C probably
represents the dissolution temperature for alumina crystal
growth ofmullite secondary type III. To observe in detail,
the phase transitions, the powders were exposed to a heat
treatment at 600 °C. Fig. 1 shows in DSC an endothermic
peakat 750 °C, attributed to the formationofa-Al2O3and
primary mullite, ending in tertiary mullite at 1300 °C ac-
cording with XRD and SEM micrographs 2,3,40 – 46. The
TGA in Fig. 1 for sample whit heat treatment at 600 °C
show a first weight loss from 500 to 800 °C for the ab-
sorbedwater, aweight lossof∼1%associatedwith the for-
mation of mullite according whit XRD data.

Fig. 1: TGA and DSC curves of experimental obtained by Pechini
Method, after heat treatment at 200 °C (black line) and 600 °C (blue
line), with rate of 10K/min up to 1500 °C.

(b) X-Ray Difraction

The results of the XRD analysis of the thermally treated
samples are shown in Fig. 2. At 100 °C and 200 °C two
phases were identified: (NH)3AlF6 and (NH4)2(SiF6)
(ICDD 01 – 076 – 0117 and ICDD 01 – 089 – 4113 re-
spectively). At 400 °C begins the formation of oxides of
transition metals that are presents in raw materials (Al,
Si and Mg), the Mg2SiO4 and AlF3 phase are formed
(ICDD 01 – 074 – 1683 and ICDD 00 – 043 – 0435 respec-
tively). The effect of MgO is observed in the formation
of a-alumina and mullite at low temperature (ICDD
01 – 074 – 1081 and 98 – 02 – 8246 respectively). At 800 °C
start the crystallization a-alumina and mullite, in the be-
ginning the proportion of alumina is bigger than mullite
under 1200 °C. At 1200 °C crystalline a-Al2O3 platelets
and some mullite crystals were also found and the incre-
ment of temperature serves to dissolution of the a-Al2O3
to formmullite, and finally at 1400 °C in the diffractogram
there is only the presence of crystalline mullite with well-
defined planes and the absence of the a-Al2O3 planes.

Fig. 2: XRD patterns of experimental sample obtained by Pechini
Method, after heat treatment at 100 °C, 800 °C, 1000 °C, 1200 °C,
1300 °C, 1400 °C and 1500 °C.
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In order to investigate the stability of mullite the sample
isheated to1500 °C,and it is foundthat the increase in tem-
perature serves for the decomposition of mullite to form
a-Al2O3, the results coincide with the literature, where it
is reported that the mullite decomposes at high tempera-
ture and loses SiO2 when it is thermally treated in a heli-
umreducing atmospherebetween1650 and1800 °C 32 – 37.
In more recent reports it is seen that the mullite decom-
poses in the range of 1900 to 2000 °C in a graphite furnace
without reducing atmosphere39 – 45. Thermodynamically,
the decomposition mechanism of mullite must be based
on the phase diagram of the SiO2-Al2O3 system 1. Upon
heating the mullite will begin phase separation at 1828 °C
ina -alumina and an aluminosilicate liquid, in this case the
separation ofmullite and alumina is carried out at 1500 °C,
demonstrating the role of theprecursors used toobtain the
refractory phases at a lower temperature.

(c) Infrared spectroscopy
Phase evolution upon firing (25 – 1400 °C) can be sys-
tematically followed by IR analysis as shown in Fig. 3 and
characteristics bands of the precursors and final phases are
shown in Table 1. In the range of 25 to 200 °C a broad
band is observed at about 3200 cm-1, which is typical of
the O-H stretching. The presence of two bands at about
2870 cm-1, which corresponds to C-H stretching, and at
1420 cm-1 due to C-H bending vibration related with the
citrate ions. The band ranged about 1780 cm-1 is reported
toagree to the carboxylate anion (COO -) stretchingmode
(a covalent carbonyl bond). The last clear bandobserved is
ranged at about 1680 cm-1 and can be assigned to the anti-
symmetricCOO- stretchingmode for a bridge-type com-
plex, as well as the band over 1120 cm-1 is related to ester
bonds type 4,5,38,39. Although the IR spectrum at 100 °C
presents similar bands as that at 200 °C, the decreasing in-
tensity clearly establishes the gradual loss ofwater and the
citrate and carboxylate groups. It‘s important to mention
the wide band appearing between 500 and 900 cm-1. This
region corresponds to the vibrational frequencies of coor-
dinated O-Al-O bonds and begins to take importance at
relative low temperatures.Up to 400 °C the pyrolysis pro-
cess continues as it is demonstrated by the strong intensi-
ty decreasing of the carboxylate anions and organic chain
bands. The typical bands for the carboxylate anions have
disappeared at∼400 °C, andonly a trace of the carboxylate
ions band remains at this temperature. These results sug-

gest that most of the organic chains break down between
300 and 450 °C accordingwithDSC andTGAanalysis re-
sults.

Fig. 3: Infrared spectra of experimental sample obtained by Pechi-
ni method, after heat treatment: 100 °C, 200 °C, 400 °C, 800 °C,
1000 °C, 1200 °C, 1300 °C and 1400 °C.

The band ranged at about 500 – 1100 cm-1 kept gaining
intensity. Characteristic alumina band appear at 400 °C,
in the 627 cm-1 corresponding to the tetrahedral Aliv-O
vibrations. The wide band, corresponding to the Al-O
bonds fora-Al2O3, develop in three bands at 622, 545 and
500 cm-1 as temperature increases up to 800 °C 4,5,37,38.

Table 1: Band positions in the infrared spectra of porcelain phases.

Structure Wavenum-
ber (cm-1)

Assignment Structure Wavenum-
ber (cm-1)

Assignment

Mullite 1143 Aliv-O vs Mullite 827 Aliv-O vs

Mullite 1131 Si-O vs Mullite 735 Aliv-O-Aliv vb

Mullite 1105 Si-O vs Mullite 827 Aliv-O vs

Alumina 627 Alvi-O vs Alumina 545 Alvi-O

Alumina 622 Alvi-O Alumina 500 Alvi-O



2019 Low temperature synthesis of a-Al2O3 platelets and acicular mullite in MgO-Al2O3-SiO2 system 13

The characteristic mullite bands also appear at 800 °C, for
the 1143, 827 and 735 cm-1 spectral region corresponding
to the tetrahedral Aliv-O bands. The Si-O bands appear
in the 1131, 1105 and 979 cm-1. At 1200 °C, the strong
and well-defined IR bands observed for Al-O bonding
must be explained considering the pure XRD reflections
of a-alumina observed 2,3,18. The mullite bands show an
increasing amount of the mullite phase up to 1300 °C and
higher definition of these bands is observed at 1400 °C.

(d) Scanning Electron Microscopy
In Fig. 4, the details of the microstructure of the samples
that were studied by SEM analysis are exposed. Fig. 4 a)

and 4 b) demonstrations the particles obtained at 800 °C
in two different zones of the sample prepared for this
analysis, where it can be seen hexagonal platelets of a-
alumina and acicular mullite. In Fig. 4 c) and 4 d) the
particles obtained at 1000 °C are shown, in these micro-
graphs a greater amount of acicular mullite is observed,
it is important to point out that the morphology of the
acicular mullite differs in dimensions with respect to the
obtained at 800 °C. According to the results of XRD,
an excellent crystallization of the a-alumina occurs with
the temperature increase up to 1200 °C, this can be con-
firmed by the size of the a-alumina platelets that were ob-
tained at 1200 °C, which are shown in Fig. 4 e) and 4 f).

Fig. 4: SEM showing mullite and alumina obtained by Pechini method, a) mixture of alumina platelets and acicular mullite formed at 800 °C,
b) alumina platelets formed at 800 °C, c) mixture of alumina platelets and acicular mullite formed at 1000 °C, d) acicular mullite formed at
1000 °C e) alumina platelets formed at 1200 °C, f) acicular mullite formed at 1200 °C.
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On the other hand, the greater mullitization in acicular
form is achieved at a higher temperature (> 1200 °C), in
Fig. 4 f) the morphology of the mullite with greater defi-
nition and length was observed.
In Fig. 5 a) and 5 b) it can be seen the micrographs of the
sample obtained at 1300 °C, where it is observed how the
hexagonala-aluminaplateletswere dissolved.On theoth-
er hand the acicular mullite increases its length and thick-
ness. In Fig. 5 c) and 5 d) the micrographs of the sample
obtained at 1400 °C are shown, in this case no a-alumina
platelets are observed, only the presence of acicular mul-
lite, which can be corroborated with the results of XRD.
Finally, in Fig. 5 e) and 5 f), it is observed that the mullite
begins to dissolve and again there is aminimumamount of

thepresenceofa-aluminaplatelets.When the temperature
increases to 1500 °C, the dissolution of themullite crystals
occurs as seen in the approach of Fig. 5 f), where the crys-
tals lose their edges; this dissolution provides the forma-
tion of hexagonal plates corresponding to alpha alumina.
The results of XRD and SEM show the presence of
two crystalline phases, mullite needles and a-alumina
platelets. In chemical synthesis processes, such as the sol-
gel method, it is possible to obtain the same result. How-
ever, the cost of the sol-gel route rises considerably with
respect to that proposed in the present work, due to the
use of alkoxides as precursors for the synthesis process. In
addition to the temperature and time of calcination which
are factors that directly affect the increase in costs.

Fig. 5: SEM showing Mullite and alumina obtained by Pechini method a) Acicular Mullite formed at 1300 °C, b) Mixture of alumina platelets
and acicular Mullite formed at 1300 °C, c) Acicular Mullite formed at 1400 °C , d) Acicular Mullite and Mullite tertiary formed at 1400 °C,
e)Acicular Mullite formed at 1500 °C and f) Acicular Mullite formed at 1500 °C.
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The crystalline phases that are obtained bymeans of this
type of synthesis routes, based on chemical routes, such
as the sol-gel method and the Pechini method, are found
in the solid solution region of the phase diagram of the
MgO-Al2O3-SiO2 system 1. From this diagram, it can al-
so be deduced that the crystalline phases obtained by each
of the methods of synthesis will probably maintain their
refractory properties up to 1832 °C. According to the dia-
gramofmullite-corundum, if the temperature increases to
1832 °C, it is probable that only alumina is obtained 1.

(2) Synthesis of alumina-mullite composite

(a) Thermal gravimetric Analysis and Differential scan-
ning calorimetry
Fig. 6 shows the result of the TGA and DSC analyzes of
the compounds of mullite-corundum-magnesium oxide.
In TGA a significant weight loss in a temperature range
of 25 °C to 650 °C is seen, weight loss is attributed to wa-
ter and decomposition of binder. In the range of 650 °C to
1500 °C, a final weight loss of 7% is observed for the for-
mation of alumina and mullite. In the range temperature
of 1050 °C to 1350 °C, a weight gain is observed, which
is indicative of an oxidation reaction. Finally, in 1300 °C
to 1500 °C a slight weight loss is observed due to struc-
tural rearrangement of a-Al2O3 and mullite. Analysis of
Differential Scanning Calorimetry presented in Fig. 6, re-
flecting the decomposition of organic compounds having
two endothermic peaks at a temperature of 100 °C and
350 °C, one endothermic band attributed to the formation
of a-Al2O3 and primary mullite, one exothermic peak at
1250 °C corresponding to the crystallization of a-Al2O3,
and finally, the endothermic peak observed at a tempera-
ture of 1350 °C probably represents the dissolution tem-
perature for alumina crystal growth of mullite secondary
type III 2,3, according with XRD and SEMmicrographs.

Fig. 6: TGA and DSC curves of composite material sample up to
1500 °C, with a speed of 10K/min.

(b) X-Ray Difraction
The XRD of the fired composite and the correspond-
ing diffraction patterns are shown in Fig. 7. At 1100 °C
the crystallization ofa-Al2O3 begins and ends at 1200 °C,
crystalline platelets of a-Al2O3 and some mullite crystals

were also found. The increment of temperature serves to
dissolution of the a-Al2O3 to formmullite at 1300 °C. Fi-
nally, at 1400 °C, a-Al2O3 is present in lower proportion
than mullite crystals.

Fig. 7: XRD patterns of composite material sample after heat treat-
ment at 1100 °C, 1200 °C, 1300 °C and 1400 °C.

(c) Scanning Electron Microscopy

The microstructure of the composite was analyzed by
SEM as shown in Fig. 8. The obtained mullite crystals are
present in acicular form,whereas, thea-aluminaare recog-
nized by the relicts of hexagonal plates in themicrographs
of samples. An excellent crystallization of the a-alumina
occurs with the increment of temperature up to 1200 °C,
according the shape of the peaks of the reflections that are
presented in theXRDresults.On theotherhand, thehigh-
er mullitization in acicular form is achieved at higher tem-
perature (> 1200 °C). The micrographs show the dissolu-
tion of alumina in the range 1200 – 1400 °C as well as acic-
ularmullite appearance. In the elemental mapping of sam-
ples, where one can observe that oxygen, aluminum is uni-
form throughout the a-aluminum oxide plates at 800 °C;
and oxygen, aluminum and silicon distribution for pure
mullite at 1400 °C.

(d) Results in comparison with other methods

Most of the methods reported in the literature for the
synthesis ofa-alumina andMullite, use chemical synthesis
in which alkoxides are involved as precursors (see Table
2). The chemical reactions that are carried out with the
alkoxides are more homogeneous, due to the nucleation
of small particles that are formed in the reactions that are
carried out in the Pechini method.
The small particles allow to obtain lower temperatures
in the transformation of crystalline phases. The nature of
the precursors can promote the formation of a specific
phase.The temperatures forobtaininga-aluminaandmul-
lite vary from 800 to 1800 ° C, as can be seen in Table 2.
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Table 2:Comparison of the variables that have the greatest influence on production costs, for several synthetic methods of
a-alumina and acicular Mullite platelets, reported in the literature and the method reported in this paper.

Authors Precursors Method Temperature
(°C)

Time
(hrs)

Observations Reference

Zalapa et al. Aluminum oxide, sili-
con oxide and magne-
sium oxide, hydrofluo-
ric acid, citric acid and
propylene glycol

Pechini
and sintered

800 – 1500 2 Formation and dissolution
of the platelets of a-alumina
and the acicular Mullite, ob-
tained by the Pechini method
Phases obtained by means of
sinterization of ceramic bod-
ies

This work

Davis et al. Mullite ingot pre-
pared by an
arc fusion
process

1650 – 1800 0.5 – 12 Decomposition of themullite 38

Ribero et al. Colloidal silica and alu-
minum hydroxide gel

hydroxigels 1300 – 1500 4 – 10 The obtained Mullite crys-
tals present an acicular form,
whereas the a-alumina are
recognized by their hexago-
nal plates

40

Su et al. Ammonia solution,
aluminum nitrate,
potassium sulfate and
polyethylenglycol

Calcining 800 – 900 2 They obtained a morphology
of Single-crystal a-alumina
platelets.

7

Reyes et al. Clay, feldspar and
quartz

Slip casting
and sintered

1000 – 1300 2 Acicular Mullite 2

Sathyasee-
lan et al.

Aluminum nitrate and
urea

Combustion
synthesis

900 – 1000 2 Obtained particles of an ex-
tremely small grain size, in a
range of sizes of 30 – 50 nm
in diameter.

41

Roy et al. Aluminum nitrate
nanohydrate, alu-
minum isopropoxide,
tetra ethyl orthosili-
cate, iron nitrate, nick-
el chloride hexahydrate
and copper sulfate pen-
tahydrate

Sol-gel
Method

1000 – 1300 2 They obtained particles in a
size range of 200 to 500 nm,
some hexagonal crystals

42

Nikzad et al. Glycine, Aluminum
nitrate, magnesium ni-
trate and colloidal silica

Microwave
sintering

1200 – 1400 not
available

They obtained particles in a
size range of 302 to 478 nm

43

Reyes et al. Aluminum formate,
aluminum metal,
formic acid and mer-
curic chloride

Chemical
synthesis

1100 °C 1 Spherical shape granules
within 0.1 to 6 lm diameter
of a-alumina

4

Eventually it is possible to obtain pure phases separately,
but in other occasions mixtures of the two phases are ob-
tained. The a-alumina platelets have been obtained from
800 ° C, however, their dissolution temperature is not de-
fined, limiting factor to define a specific application for
these particles.On the other hand, the lowest temperature

reported to obtain acicular mullite is 1000 °C. The time of
permanence in the crystallization temperature of a-alumi-
na and mullite during its obtaining, is an important factor
thatdirectly affects theproductionexpenses.According to
the references reported in Table 2, the permanence time is
in a range of 0.5 to 12 hours.
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Fig. 8: SEM showing mullite and alumina obtained in composite material sample a) and b) crystals of mullite and alumina obtained at 1300 °C;
c) and d) crystals of mullite and alumina obtained at 1400 °C.

IV. Conclusions
In this article, a-alumina and mullite are compared, ob-
tained by means of the Pechini method and by sintering
oxides. Using the Pechini method, mullite needles and
plates of a-aluminum oxide at 800 ° C and pure mullite at
1400 °Cwereobtainedusingadwell timeof2hours.These
results require a lower amount of energy, compared to the
references cited inTable 2. The results obtained by the sin-
tering of oxides, taking into account that the precursor ox-
idesareamorphousandof submicronsize, itwasnecessary
to use 200 ° C more in the sintering temperatures for the
obtaining of the phases, in comparison with the temper-
atures used in the Pechini method. This research demon-
strates the impotence of the precursors used to obtain the
phases of mullite and alumina at a temperature lower than
1800 ° C. The Pechini method presented in this research
is a good alternative for obtaining a-alumina platelets and
acicular mullite, with special characteristics such as high
purity, homogeneity and crystallinity. With respect to the
above, it is concluded that the Pechini method used in the
present research is efficient in terms of energy consump-
tion in comparisonwith themethods of the references cit-
ed in Table 2.
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2 Reyes-López, S. Y., Rodrı́guez-Serrato, J., Sugita-Sueyoshi, S.:
Microstructural characterization of sanitaryware, the relation-
ship spinel and Mullite, J. Ceram. Proc. Res., 14, 492 – 497,
(2013).
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39 Roque-Ruiz, J.H., Reyes-López, S. Y.: Synthesis of a-Al2O3
nanopowders at low temperature from aluminum formate by
combustion process. J Material Sci Eng 2016, 6, 305; DOI:
10.4172/2169-0022.1000305.

40 Xiao, Z., Brian, S.: Mullite Decomposition Kinetics and Melt
Stabilization in the Temperature Range 1900 – 2000 °C, J. Am.
Ceram. Soc., 83, 761 – 767, (2000).

41 Davis, R. F., Aksay, I. A., Pask, J. A.: Decomposition of Mul-
lite, J. Am.Ceram. Soc., 55, 98 – 101 (1972).

42 Liu, K. C., Thomas, G.: Mullitisation behaviour of calcined
clay-alumina mixtures J. Am. Ceram. Soc., 77, 545 – 552,
(1994).

43 Ribero, D., Restrepo, R., Paucar, C., Garcı́a, C.: Highly refrac-
tory mullite obtained through the route of hydroxyhydrogels,
J. Mat. Proc. Tech., 209, 986 – 990, (2009).

44 Sathyaseelan, B., Baskaran, I., Sivakumar, K.: Phase Transition
Behavior of Nanocrystalline Al2O3 Powders, S. Nanoscience
L., 3, 69 – 74, (2013).

45 Roy, D., Bagchi, B., Bhattacharya, A., Das, S., Nandy, P.: Mi-
crowave sintering of mullite-cordierite precursors prepared
from solution combustion synthesis, Int. J. Appl. Ceram.
Technol., 11, 1054 – 1060, (2014).

46 Nikzada, L., Ghofrani, S., Majidian, H., Ebadzadeh, T.:
Microwave sintering of mullite-cordierite precursors pre-
pared from solution combustion synthesis, Ceram. Int. 41,
9392–9398, (2015).


