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abStRaCt

Mullite (Al4+2xSi2–2xO10–x) is known to exhibit a very distinct compositional variation in which the 
lattice constant in the a direction expands linearly, while that in the b direction slightly contracts with 
an increase of the x-value. In this study, first-principles density functional theory (DFT) simulations 
were applied to examine the cause. The atomic structure and charge density were examined. We found 
that the local charge redistribution due to a newly formed vacancy leads to the onset and recurrence 
of localized atomic relaxation. The charge redistribution and atomic relaxation causes the clockwise 
and counterclockwise rotations of the neighboring octahedral units. These rotations contribute to 
expansion in the a-axis and contraction in the b-axis. The mechanism is supported by the previous 
experimental measurements of the Al-O2 bond lengths projecting in the (001) plane. We conclude that 
the rotations of the octahedral units are the fundamental mechanism responsible for compositionally 
induced variations of mullite. Results derived from simulations also provide evidence for a preferred 
occurrence of oxygen vacancies parallel to the crystallographic b axis. It thus supports earlier findings 
of a partial ordering in mullite.
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intRoduCtion

Mullite is the major phase of many conventional silicate-
based ceramics (e.g., porcelains and aluminosilicate refractory) 
and of various advanced ceramics, coatings, fibers, and ceramic 
matrix composites. The high creep resistance and thermal/chemi-
cal stability of mullite have made it one of the best candidates for 
structural and high-temperature applications (Schneider 2005; 
Schneider et al. 2008).

The crystal structure of mullite consists of edge-sharing AlO6 
octahedra forming AlO4 chains interconnected by (Al,Si)O4 
tetrahedra. The compositional variation of mullite is due to the 
substitution of Al3+ for Si4+ in the SiO4 tetrahedron and a simul-
taneous formation of oxygen vacancies, according to a crystal 
chemical notation using symbols of the Kröger-Vink notation:

2AlAlO4+2AlAl+2SiSi+2OO → 2AlAlO4+2AlAl+2xAl′Si+ 
(2–2x)SiSi+xVÖ

with chemical elements MP referring to the element M on the 
position P. V corresponds to “vacancy” and the double-dot rep-
resents the twofold positive charge on the vacant oxygen site.

The general composition of mullite is Al2[Al2+2xSi2–2x]O10–x 
where the value of x corresponds to the number of oxygen 
vacancies per average unit cell. The Al and Si atoms within the 

brackets are tetrahedrally bound and the other Al atoms are oc-
tahedrally bound (Cameron 1977a). Although mullite normally 
forms a solid solution of aluminosilicate with the x-value ranging 
between 0.25 (72 wt% Al2O3, i.e., 3Al2O3–2SiO2 = 3/2-mullite) 
and 0.40 (78 wt% Al2O3, i.e., 2Al2O3–SiO2 = 2/1-mullite), the 
existence of x in the range of 0.18 to 0.88 has been reported for 
specific synthesis conditions (Fischer et al. 1994, 1996).

The crystal structure of mullite shows a near-tetragonal 
atomic arrangement that can be derived from the tetragonal 
supergroup P4/mbm by a translationengleich lowering of the 
symmetry with an index 2 to Pbam (Fischer and Schneider 2005). 
The arrangement would logically imply that the a and b lattice 
constants would both increase or decrease in a similar fashion 
with an increase of the x-value. However, experimental measure-
ments show different characteristics. Cameron (1977a, 1977b) 
found that the cell dimension in the a direction expands linearly 
whereas that in the b direction slightly contracts with an increase 
of the x-value. To explain this counter-intuitive compositional 
variation observed in experiments, Fischer and Schneider (2005) 
proposed two mechanisms and one hypothesis. The suggested 
mechanisms were (1) contraction due to formation of oxygen 
vacancies and (2) expansion due to substitution of Si4+ with Al3+. 
The hypothesis was that the structurally anisotropic distribution 
of vacancies could be the cause of this compositional variation. 
The aforementioned mechanisms and hypotheses were further 
examined by Chen et al. (2008) using molecular dynamics 
(MD) simulation. They found that the expansion mechanism * E-mail: dchen@ntu.edu.tw


