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INTRODUCTION

Mullite is a material with an important role in the technol-
ogy of classical and advanced ceramics due to its high thermal 
stability, outstanding chemical stability in severe environments, 
and favorable strength and creep behavior (Schneider et al. 
1994). The composition of mullite refers to general formula 
VIAl2(IVAl2+2x

IVSi2�2x)O10�x, where x denotes the number of oxygen 
atoms missing per average unit cell, while IV and VI are the 
coordination numbers of the cations (Cameron 1977). Mullite 
structure is orthorhombic, space group Pbam (Sadanaga et al. 
1962; Angel and Prewit 1986; Ban and Okada 1992). It consists 
of chains of edge-sharing AlO6 octahedra running parallel to 
the c-axis that are cross-linked by (Al,Si)O4 tetrahedra double 
chains also running parallel to c-axis. In comprehensive studies, 
Schneider (1990) and Schneider et al. (1994) reported that the 
mullite structure is able to incorporate considerable amounts 
of various transition metal cations. The incorporation of the 
transition metal cations strongly depends on their ionic radii and 
oxidation states, as well as on the synthesis procedure. Gener-
ally, transition metal cations can enter the mullite structure by 
substitution of aluminum in the AlO6 octahedra or (Al,Si)O4 
tetrahedra, by incorporation in the structural channels running 
parallel to the c-axis, or by incorporation into the structural voids 
produced by removal of oxygen atoms from Oc sites. While V3+ 

(Schneider 1990), Cr3+ (Schneider and Eberhard 1990; Rager et 
al. 1990; Fischer and Schneider 2000) and Fe3+ (Schneider and 
Rager 1986; Schneider 1987) have the strongest tendency for 
incorporation in mullite, only low or very low amounts of Mn2+ 
(Schneider 1990), Fe2+ (Schneider and Rager 1984), and Co2+ 
(Schneider 1990; Parmentier and Vilminot 1998) ions can enter 

the mullite structure. The aim of the present work is to determine 
the upper limit of cobalt incorporation in mullite.

EXPERIMENTAL METHODS

Sample preparation
Powder mullite samples were derived from diphasic precursors. Diphasic gel 

with 3Al2O3·2SiO2 nominal composition and gels in which 1, 2, and 3 at% Al3+ 

was substituted by Co2+ were prepared by dissolving nitrates, Al(NO3)3·9H2O and 
Co(NO3)2·6H2O, in water, and by mixing nitrate solutions with tetraetoxysilane 
(TEOS) dissolved in ethanol. TEOS solution was added dropwise under vigorous 
stirring. The mixture was further stirred under reß uxing conditions at 60 °C for 
eight days. The obtained gels were dried at 120 °C for 72 h, ground and sieved. 
Powders with particle size <63 μm were used for further treatment. The dried gels 
were heated at the rate of 10 °C/min to 1600 °C and held for 2 h at this temperature. 
Afterwards they were slowly cooled in the furnace to room temperature. For mi-
crostructure studies and microanalysis, the powders were compacted and sintered 
at 1600 °C for 2 h. The prepared powdered as well as the corresponding compact 
samples were denoted S0, S1, S2, and S3 (Table 1). 

Methods
Composition of the samples S1�S3 was determined by means of both Particle 

Induced X-ray Emission (PIXE) spectroscopy, using a nuclear microprobe facility 
with 3 MeV proton beam and semiconductor Si(Li) X-ray detector (Jak�ić et al. 
1996), and quantitative analysis using the Rietveld method (Rietveld 1969; Hill 
and Howard 1987). The results are shown in Table 1.

Prepared Co-doped samples were characterized by X-ray diffraction (XRD) at 
room temperature using a Philips MPD 1880 counter diffractometer with mono-
chromatized CuKα radiation. Three data sets were collected for each prepared 
mullite sample: (1) XRD pattern of the sample mixed with a standard reference 
material, namely silicon powder (Koch-Light Lab. Ltd., 99.999% purity), scanned 
in steps of 0.02° (2θ) in the 2θ range from 10 to 100° with Þ xed counting time of 5 
seconds per step, for the purpose of precise determination of unit-cell parameters; 
(2) XRD pattern of pure sample scanned also in the 2θ range from 10 to 100° in 
steps of 0.02° (2θ), using Þ xed counting time of 10 s per step, for the purpose of 
the Rietveld structure reÞ nement (Rietveld 1969); (3) XRD pattern of the sample 
mixed with ZnO, scanned in steps of 0.02° (2θ) in the 2θ range from 10 to 100° 
with Þ xed counting time of 5 s per step, for precise determination of the amorphous * E-mail: jpopovic@irb.hr
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ABSTRACT 
Mullite samples doped with cobalt were derived from diphasic gels with constant atomic ratio (Al 

+ Co)/Si = 3:1, where 0, 1, 2, and 3 at% of aluminum was replaced by cobalt. X-ray powder diffraction 
showed that the samples contained mullite phase and some amount of α-Al2O3 (for pure and doped 
samples) and CoAl2O4 (for doped samples). Cobalt doping caused an increase in unit-cell parameters 
of the mullite phase. Transmission electron microscopy and energy dispersive X-ray spectroscopy 
were used for sample microanalysis and determination of the chemical composition of the Co-doped 
mullite phase. The Rietveld method was performed for quantitative phase analysis of the samples and 
for structure reÞ nement of the mullite phase in the samples. It was found that a small amount of Co2+, 
0.36 wt%, substituted for Al3+ in the AlO6 octahedra of the mullite structure. Simultaneously, the same 
amount of tetrahedral Al3+ ions was likely substituted by Si4+ in the (Al,Si)O4 tetrahedra for the purpose 
of charge compensation. The remaining cobalt reacted with alumina forming CoAl2O4, and dissolved 
in the glassy phase. The proposed formula for Co-doped mullite is CoyAl4+2x�2ySi2�2x+yO10�x. 
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