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Abstract 

High resolution electron microscopy (HREM) results 
yield that the oxygen vacancies in mullite form 
domains with higher oxygen vacancy concentrations 
and spec@ preferred directions. The domains are 
more or less statistically distributed in a disordered 
matrix. In the (0 IO) plane the oxygen vacancies 
are arranged along [I 0 21 and [I 0 -21 over two to 
four unit cells. In addition, ordered domains with 
higher amounts of vacancies exhibit a doubling of 
the c-axis which can already be seen in h01 dtjGac- 
tion patterns. Vacancy arrangements in the (100) 
plane are characterized by preferred orientations 
along [O I21 and [O l-21 and [O 0 I], resulting in 
an average direction parallel to [O I31 and [O l-31. 
Columns with higher vacancy concentrations usually 
reveal distances of 1.5b and 5 to 6~. 

Considering the above-mentioned HREM results, 
the real structure conjiguration of 2: I mullite has 
been established using the videographic two-dimen- 
sional and three-dimensional simulation method, 
The ordering scheme of the oxygen vacancies can 
be described via inter-vacancy correlation vectors 
(short-range order vectors 1 m n; 1 = a/2, m = b/2), 
n = c). It has been conjirmed that the inter-vacancy 
correlation vectors <I I I >, ~20 1~ and ~3 I O> 
are preferred but a complete structure description can 
only be obtained by considering the correlation vectors 
<022>, <330>, <130>, <401>, <113>, <040>, 
<222>, <223>, <600> and ~3 12~ additionally. 
These inter-vacancy vectors, especially <O 2 2> and 
<330>, play an important role for the formation oj 
the dtjliise scattering in the h 0 1 and 0 k 1 plane. 

Introduction 

Deviations from the ideal periodic arrangement 
(point defects, modulations, short-range order, 
domain boundaries, etc.) strongly influence the 
physical properties of crystalline solids. Hence, 

determination of the real structure becomes a 
major task in examining the influence of structural 
disorder on the physical behaviour of materials. 

Characteristic features in diffraction patterns of 
disordered crystals are diffuse scattering and/or 
satellite reflections apart from the Bragg reflec- 
tions, the latter being attributed to the average 
structure. Diffuse scattering, caused by short- 
range ordering, cannot be directly interpreted by 
known structural disorder theories’,2 which mainly 
deal with discrete satellite reflections. However, 
Monte Carlo methods in conjunction with optical 
or computer-based Fourier transforms yield infor- 
mation about deviations from the average structure. 
Besides this, high resolution electron microscopy 
(HREM) in combination with contrast simula- 
tions of predefined structure models is the most 
important real space method to achieve informa- 
tion about certain types of structural disorder on 
the atomic scale. 

The above-mentioned methods have been applied 
to characterize the ordering phenomena of oxygen 
vacancies in the non-stoichiometric aluminosilicate 
mullite (Al,[Al 2+2xSi2_2X]0,0__X) which shows a com- 
plex scheme of satellite reflections and diffuse scat- 
tering throughout reciprocal space (Fig. 1). 

HREM investigations of mullite mainly deal with 
beam directions parallel to [00 1]3m7 and [0 1 0].8m10 
Recently, Paulmann et al.” performed 200 kV and 
300 kV HREM investigations along [0 lo] and 
[ 10 01. They found preferred vacancy orientations 
in domains with higher vacancy concentrations, 
distributed in a matrix with minor degree of 
order. 

Early investigations of the satellite reflections 
with optical Fourier transforms were performed 
by Saalfeld12 for the h 0 1 plane. Tokonami et al. I3 
examined the diffuse scattering in hk 1 and h k f 
planes and derived a model of the vacancy 
arrangement in large domains. Monte Carlo simu- 
lations of structural models together with their 
Fourier transforms were presented by Welberry 
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Fig. 1. Electron diffraction patterns of mullite: top. h0 1; 
bottom, 0 k 1. 

and WithersI to explain the diffuse scattering in 
hki, hki, hki, hk-:. 

Taking the results of HREM investigations into 
consideration, a specific distribution scheme of 
inter-vacancy vectors in the (0 0 1) plane was pre- 
sented by Rahman,‘5,16 Rahman and Paulmann,’ 
Paulmann et al. I8 and Paulmann et al. ” Butler et 
al. I9 recently carried out a three-dimensional (3-D) 
real structure simulation by taking interaction pair 
energies into account, the latter having been 
obtained by Padlewski et a1.20 Variation and addition 
of pair energies led to relatively good agreement 
of Fourier transforms with the experimental 
diffraction patterns of the h k f and h k 1 reciprocal 
planes, whereas the Fourier transforms for h k t and 
h k a differed slightly from the experimental patterns. 

Until now, Monte Carlo simulations of the mul- 
lite real structure have mostly dealt with the 
diffuse scattering in reciprocal planes from h k 0 to 
h ki, taking neither the position of satellite reflec- 
tions nor the diffuse scattering in h0 1 and Ok1 
diffraction patterns into account. Additionally, no 
next nearest inter-vacancy correlation vectors were 
considered,21 although these vectors may play an 
important role in the exact interpretation of the 

additional diffraction phenomena in the h01 and 
0 k 1 planes. 

Consequently, the aim of the present study is to 
combine results from a quantitative investigation 
of HREM images by contrast simulations and 
digital image processing methods with video- 
graphic real structure simulations2* to receive a 
3-D description of the oxygen vacancy arrangement 
in mullite via inter-vacancy correlation vectors. 

Experimental 

The investigated specimens of 2: 1 mullite grew as 
single crystals (3 X 3 X 10 mm) in ingots of com- 
mercially produced mullite bricks which were syn- 
thesized by heating a mixture of kaolinite and 
Al,O, with an arc furnace and casting the melt at 
2000°C. Several microprobe analyses of crystals 
with well-developed (1 lo} faces and growth 
direction along [0 0 l] gave a chemical composition 
of 75.9 wt% A1203 and 23.8 wt% SiO, (x = 0.39), 
close to the ideal value of 0.40. 

Electron microscope investigations (diffraction, 
HREM) were performed using Hitachi H-800 and 
H-9000 microscopes with LaB, cathodes, operat- 
ing at 200 and 300 kV accelerating voltage, 
respectively. 

Preparation of crystallites was carried out by 
conventional crushing with propanol in an agate 
mortar and transferring the suspension to carbon- 
coated copper grids. 

The computer system for videographic real 
structure simulations comprised of an IBM-AT 
with a special array processor and graphic adap- 
tor boards interconnected by a fast external port 
and to the host computer through the AT-bus 
interface. The configuration permitted calculation 
of fast Fourier transforms (FFT) of 1024 X 1024 
pixels and 8-bit colour depth within 8 s. 

HREM Investigations 

HREM investigations of real structures require 
contrast simulations with predefined structure 
models to permit a correct interpretation of the 
contrast patterns. A detailed study with beam 
directions along [0 lo] and [lo 0] was recently 
carried out by Paulmann et. al. I1 since the satellite 
reflections, indicating an incommensurate modula- 
tion of the mullite structure, are best visible in h01 
and Ok I diffraction patterns. A projection of the 
structure along these directions shows a dense 
packing of atoms with different scattering poten- 
tials. Nevertheless, extensive contrast simulations 
of supercells with more than 2000 atoms revealed 
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striking changes of the contrast pattern in the 
immediate vicinity of projected vacancy positions. 
This fact can be attributed to associated cation 
shifts near an oxygen vacancy which result in a 
remarkable change of the scattering potential. 
Both planes are characterized by contrast enhance- 
ments at vacancy positions, whereas in the (00 1) 
plane4 an intensity decrease of dots located clock- 
wise next to a vacancy position is observed. 
Through-focus series of the (0 10) and (10 0) 
planes gave characteristic defect-induced contrast 
patterns at defocus values of -30, -65, -75 nm and 
-35, 45, -65, -75 nm, respectively. More details 
about the applied supercells and simulation 
parameters are given elsewhere.“,16 Special atten- 
tion should be paid to a defocus range of -25 to 
-35 nm where dots in the contrast pattern directly 
coincide with the vacancy position (ac-plane) or 
cause an elongated and enhanced dot (be-plane). 

Figure 2 shows 200 kV HREM images along 
[0 lo] and [I 0 0] at approximate defocus values of 
-30 nm. Closer inspection of the images reveals 
intensity variations of dots which can be attributed 
to higher vacancy concentrations along the inci- 
dent beam.” Further investigations with different 
vacancy concentrations and different arrange- 
ments yield a linear dependence of defect-induced 
intensity enhancements and the concentration of 
oxygen vacancies along the beam direction. Fur- 
thermore, concentrations of only 20% still cause a 
detectable change of the contrast pattern. 

In order to determine preferred vacancy arrange- 
ments in the (0 10) and (10 0) planes, digitized 
HREM images were investigated by image pro- 
cessing methods. After determining the greyscale 
area of the contrast patterns (8 bit) in Fig. 2, a 
progressive filtering procedure of selected greyscale 
areas was performed. As the stepwise filtering 
progresses, a continuous decrease of the observ- 
able maxima can be detected [Figs 3(a)-(e) and 
4(a)-(e)], which enables the determination of 0, 
columns with different concentrations of vacancies 
and domains with specific ordering schemes. 
Detailed analyses were carried out for selected 
areas [rectangles in Figs 3(a) and 4(a)] and the 
results are presented in Figs 3(f) and 4(f), respec- 
tively. 

A striking feature of (0 10) HREM images are 
linear arrangements of higher vacancy concentra- 
tions along [lo 21 and [l O-2] over two to four 
unit cells. In addition, ordered domains with 
higher amounts of vacancies exhibit a doubling of 
the c-axis which can already be seen in h 0 I diffrac- 
tion patterns. Combining the arrangements along 
[lo 21 and [ 10 -21 and the twofold periodicity 
along [00 l] yields a centred pattern with columns 
of higher oxygen vacancy concentrations, frequently 

Fig. 2. 200 kV HREM images of 2: 1 mullite: top, (0 IO) 
plane; bottom, (10 0) plane. 

building up an antiphase relationship. The pattern 
closely resembles those of Al-rich mullites (x 2 0.4Q9 
but does not show long-range ordering. Vacancy 
arrangements in the (10 0) plane are characterized 
by preferred orientations along [0 121, [0 l-21 and 
[0 0 I], resulting in an average direction parallel to 
[0 131 and [0 I-31. 0, columns with higher vacancy 
concentrations usually reveal distances of 1.5b and 
5 to 6c. 

Summarizing the HREM results, the oxygen 
vacancies in mullite form domains with higher 
defect concentrations and specific preferred direc- 
tions. The domains are more or less statistically 
distributed in a disordered matrix. A schematic 
representation of the vacancy arrangements in the 
main crystallographic planes is presented in Fig. 5. 
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b) 20% 0 

d) 60% 0 

e) 80% H f) Analysis of marked area 

Fig. 3. Digital image processing of a 200 kV HREM image of the (0 10) plane. (a)-(e) Continuous filtering of dot greyscale in %. 
(f) Analysis of marked area in (a). a-Axis horizontal, c-axis vertical. 

Although HREM investigations yield valuable 
information about preferred vacancy arrange- 
ments, one has to deal with some restrictions 
regarding the 3-D interpretation of the contrast 
patterns, since they are caused by a projection of 
the structure along the incident beam. However, 
the HREM results in the three main crystallo- 
graphic directions give valuable parameters for 

two-dimensional (2-D) and 3-D videographic real 
structure simulations. 

2-D Videographic Real Structure Simulations 

The videographic method is a procedure for the 
determination of real structures and employs a 
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b) 20% 0 

d) 60% 0 

e) 60% H f) Analysis of marked area 

Fig. 4. Digital image processing of a 200 kV HREM image of the (10 0) plane. (a)-(e) Continuous filtering of dot greyscale in %. 
(fJ Analysis of marked area in (a). c-Axis horizontal, b-axis vertical. 

statistical mathematical approach and computer algorithm for Fourier transforming a real structure 
graphics to aid the interpretation of diffuse scat- image (superstructure) which consists of structure 
tering from a disordered crystal.22 The video- variants, derived from the average structure. 
graphic method replaces atoms of different Determinations of mullite average structure23-29 
scattering power by pixels with varying grey lev- revealed the space group Pbam with chains of 
els. Instead of calculating the diffraction pattern edge-sharing AlO octahedra along [00 I] which are 
by a time-consuming real space summation, the crosslinked by (Si, Al) tetrahedral double chains 
method offers the opportunity of using the fast FFT [Fig. 6(a)]. Introduction of oxygen vacancies on 
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Fig. 5. Schematic representation of ordering schemes: (a) 
(0 10) plane; (b) (100) plane; (c) (00 1) plane. 

0, sites drives adjacent cations to occupy a new 
tetrahedral Al* site to preserve a fourfold 
coordination. Additionally, neighboured 0, atoms 
shift towards a less symmetric O,* site [Fig. 6(b)]. 
According to Rahman,22 the average structure can 
be described as a superposition of a number of 
structure variants which are usually derived by 
taking crystal chemical rules into account. For a 
deconvolution of the mullite average structure the 
following arguments were applied. 

Si/Al-O,* bond lengths of 0.173 and 0.178 nm 
lead to a tetrahedral occupation by Al, whereas 
0.167 nm for the %/Al-O, bond gives an Si occu- 
pation of the tetrahedron in agreement with calcu- 
lations of Padlewski et aL2’ Considering these 
rules and different 0, and O,* occupations, it is 
possible to derive 34 structure variants from the 
mullite average structure which are represented in 
Fig. 7. Each four variants (14, 5-8, 9-12, 13-16) 
exhibit an oxygen vacancy on the same cell edge 
and different 0,/O,* occupations on the remaining 
three edges. Numbers 17 to 32 are vacancy-free 
only with a variation on the OJO,* sites. Variants 
33 and 34 represent the silica-free L-A~~O~ modifi- 
cation proposed by Saalfeld.30 The distribution of 

a) b 

b) r b 

a 

@ Al 

o Si, Al 

. Al’ 

Vacancy 

0 

Si, Al 

Si 

Fig. 6. (a) Average structure of mullite. (b) Atomic displacements 
around an oxygen vacancy. 

the structure variants is performed using joint 
probabilities (nearest neighbours) and correlation 
vectors (next nearest neighbours, over next near- 
est) as described in more detail by Rahman22 and 
Rahman and Rodewald.31 

For the 2-D videographic real structure simula- 
tions, the following preferred vacancy arrange- 
ments, obtained from HREM investigations and 
interpretation of diffraction patterns,” were taken 
into consideration. 
(0 0 1) plane: 

(0 10) plane: 

(10 0) plane: 

Linear arrangements along [loo] 
and [0 lo] occasionally separated by 
1.5b and 1.5a, respectively. 
Arrangements along [lo 21 and 
[ 10 -21 with an incommensurate 
modulation of = 1.5a and twofold 
periodicity along [0 0 11. 
Arrangements along [0 121, [0 l-21 
and [00 l] with an incommensurate 
modulation of = 1.5b and approximate 
fivefold modulation along [0 0 11. __ 

Extended videographic simulations” with different 
structure variants represented by 8 X 8 and 16 X 

16 pixel grids per structure variant yielded the 
preference of only a few correlation vectors to be 
responsible for the main features of the diffuse 
scattering in experimental X-ray diffraction pat- 
terns. The intensity distribution at higher scatter- 
ing angles is mainly affected by an appropriate 
representation of the 0,/O,* shift in the video- 
graphic structure image, whereas the Al/Si occu- 
pation of the tetrahedral sites only plays a 
negligible role. Figure 8 (top) shows a diffraction 
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31 32 33 34 

Fig. 7. 34 structure variants of mullite. 

pattern of the h ka plane which has been recon- a 16 X 16 grid allows the representation of all 
strutted from a digitized Weissenberg pattern with atomic positions with sufficient accuracy. 
additional background correction and contrast For an analysis of the structure image, the unit 
enhancement of the weak diffuse scattering. Compar- lengths of the correlation vectors (Imn) were 
ison with a Fourier transform [Fig. 8 (middle)] of chosen to be I = !a, m = ib and n = c. An analysis 
the videographic structure image [Fig. 8 (bottom)] of the simulation field shows a higher frequency of 
reveals good agreement because the application of ~3 1 O>, <I 30>, <330>, <020> and <200> 
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Fig. 8. 2-D videographic investigations of the h k $ plane: top, 
processed Weissenberg image; middle, Fourier transform 
of videographic structure image; bottom, small portion of 
videographic structure image. b-Axis horizontal, a-axis vertical. 

short-range correlation vectors, where ~3 3 O> 
results from a combination of ~3 1 O> and <020> 
or <130> and <200>. 

Further investigations confirmed that < 13 O> 
and ~3 10~ are mainly responsible for the diffuse 
circles at the 01 and 10 positions [Fig. 8 (middle)], 
whereas the exact shape is caused by longer corre- 

lation vectors. Resulting from a combination of 
~13 O> and ~3 1 O>, an equal number of <240>, 
<420>, <440>, <260>, <620>, <060> and 
16 0 O> gives an exact circular shape of the diffuse 
scattering. In contrast, a higher frequency of <440> 
results in a rhombic form with edges along 
cl1 o>*. Preferring ~020~ and ~3 1 O> against 
~20 O> and ~3 1 O> yields a diffraction pattern 
similar to the X-ray diffraction pattern of h k i. 

Considering the above mentioned preferences, 
2-D videographic real structure simulations were 
also performed for the (0 10) and (100) planes. 
By comparison, the satellite positions in the 
Fourier transforms of the videographic simula- 
tions are in close agreement with h01 and 0 kl 

electron diffraction patterns,32 respectively. Analy- 
sis of the 2-D simulations yielded most frequent 
correlation vectors of COO 2>, <3 OO>, cl0 l>, 
~20 l>, ~5 0 l> and ~3 0 2> for the (0 10) plane. 
The (10 0) plane revealed a higher frequency of 
<030>, <022>, <005>, <023>, <006> and 
<O 13> correlation vectors. 

Before proceeding with 3-D videographic simu- 
lations, some valuable information about the 
ordering scheme can be already obtained from the 
2-D investigations. The 1.5-fold modulations along 
[lo 0] and [0 lo] in h0 1 and 0 kl diffraction pat- 
terns are caused by a preference of ~13 O>, 
~3 1 O> and ~3 3 O> correlation vectors. Further- 
more, it can be assumed that the twofold period 
along [0 0 I] in h 0 1 patterns originates from more 
frequent <O 2 2> inter-vacancy correlation vectors 
which already appear in (10 0) HREM images as 
preferred arrangements along the <O 12> crystal- 
lographic directions (Fig. 2). Thus, a projection of 
the <O 2 2> vectors onto (0 10) results in a twofold 
period along [00 11. 

3-D Videographic Real Structure Simulations 

By comparing the frequencies of the correlation 
vectors in the 2-D simulations, a scheme of the 
3-D vacancy distribution can be derived. The 
preferred vacancy arrangements along [ 10 21, 
[ 10 -21, [0 121 and [0 l-21 (crystallographic direc- 
tions) observed in HREM images can be achieved 
by a preference of the < 1 1 1, correlation vector, 
in agreement with the 2-D simulation of the (0 10) 
plane with the high frequency of the ~10 l>. The 
preference of ~20 I> in the 3-D simulation corre- 
sponds to the ~20 l> in the 2-D simulation of the 
(0 10) plane and - in projection on (100) - to a 
vacancy arrangement along [00 l] which appears 
in (100) HREM images. In addition, the correla- 
tion vectors ~3 12>, ~1 3 l>, ~1 13> and <223> 
are preferred in the 3-D simulations. 
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After projecting the 3-D videographic simula- 
tion field along the main crystallographic direc- 
tions, the correctness of the simulated structure 
model was tested by comparing its Fourier trans- 
forms with experimental diffraction patterns (Fig. 
1). The Fourier transforms of the (0 10) and (100) 
planes are given in Fig. 9. The positions and 
intensities of the satellites are in close agreement 
to the experimental diffraction patterns of the h 0 I 
and 0 k 1 planes. It can be concluded that the input 
parameters for the simulation field resemble the 
vacancy distribution in 2: I mullite. The most fre- 
quent 15 inter-vacancy correlation vectors deter- 
mined by analysing the simulation field are 
presented in Table 1 together with those measured 
by Butler and Welberry.2’ Further calculations 
showed that slight changes in the frequencies and 
order of the correlation vectors do not influence 
the positions of the satellites but only have infl- 
uence on the shape of the satellites and the 

Fig. 9. Fourier transforms of the 3-D simulation 
projected on (0 10) and (10 0). 

field 

Table 1. The most frequent 15 inter-vacancy vectors Imn 
(l-a/2, m = b/2, n = c) calculated from the 3-D simulation 
field [p = probability in %, a = short-range order parameter, 
as, = short-range order parameter determined by Butler & 

Welberry”] 

Imn P a 

<022> 28.25 0.103 
<310> 28.00 0.100 
Cl112 27.09 0.089 
<201> 24.98 0,062 
<330> 24.90 0.061 
<130> 24.21 0,053 
<401> 23.24 0.040 
<113> 23.24 0.040 
-co40> 23.12 0.039 
(004> 22.79 0,035 
<131> 22.72 0.034 
<222> 22.71 0,034 
~2232 22.56 0.032 
<600> 22.19 0.027 
<312> 21.88 0.024 

aBW 

0.141 
0,109 
0.113 

0.077 
_ 

0.047 
0.058 

_ 
_ 
_ 

intensity of streaks. It must be noted that 
the most frequent inter-vacancy vector ~0 22~ 
belongs to the second shell and plays an impor- 
tant role for the formation of the diffuse scattering 
in the h0 I and Ok1 planes together with ~3 3 O>, 
~3 1 O> and <130>. The correlation vector 
~022~ can be obtained by a certain sequence of 
two ~1 1 1~ vectors (e.g. [l 1 l] followed by [-1 1 l] 
or [l-l l] followed by [-l-l 11, etc.) However, it is 
unlikely that the occurrence of ~02 2> is only 
caused by the combination of ~1 1 l> since the 
frequencies of ~1 1 l> and ~0 2 2~ are nearly the 
same. 

Short-range order parameters (correlation vec- 
tors) are usually used to describe the real structure 
of intermetallic alloys above the critical tempera- 
ture, T,. In most cases, the first three short-range 
order parameters are adequate to describe the 
short-range ordered state. In mullite, with T, 
above the melting point, the three shortest correla- 
tion vectors are not sufficient to describe the oxy- 
gen vacancy ordering scheme. In this case, higher 
order inter-vacancy correlation vectors (Table 1) 
are important for complete interpretation of the 
real structure. 
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