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Abstract: High-temperature treatment of y-AlL,Oj; can lead to
a series of polymorphic transformations, including the for-
mation of 6-ALO; and 6-ALO;. Quantification of the micro-
structure in the range where 6- and 0-AlLO; are formed
represents a formidable challenge, as both phases accommo-
date a high degree of structural disorder. In this work, we
explore the use of an XRD recursive-stacking formalism for
the quantification of high-temperature transition aluminas. We
formulate the recursive-stacking methodology for modelling of
disorder in 0-AlLO; and twinning in 6-AlL,O; and show that
explicitly accounting for the disorder is necessary to reliably
model the XRD patterns of high-temperature transition
alumina. We also use the recursive stacking approach to study
phase transformation during high-temperature (1050°C) treat-
ment. We show that the two different intergrowth modes of -
ALQOj have different transformation characteristics and that
a significant portion of 6-Al,Oj; is stabilized with 6-Al,O; even
after prolonged high-temperature exposures.

Introduction

Transition aluminas represent an important group of
materials that are used in a number of technological fields.
For example, transition aluminas are prominently used as
catalysts and catalytic supports."~! In an effort to rationalize
the attractive properties of transition aluminas, and ultimately
understand how the properties can be tailored for specific
catalytic applications, significant research efforts have fo-
cused on understanding the crystallography, structure and
surfaces of transition aluminas.*”) For transition alumina
derived from the heat treatment of boehmite, the micro-
structure is conventionally described in terms of vy-, d-
and 6-AlLO;. The microstructure consists of y-ALO; if
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obtained from heat treatments below ~700-800°C." At
higher heat treatment temperatures, above 800°C, the
structure topotactically reorders to structural forms of o-
and 0-ALO;.*¥

The formation and stability of transition alumina phases
are actively studied topics. It is generally well established that
the formation of 8-Al,O; requires less thermal activation,
while 6-Al,O; is more stable and is the preferred type at
higher temperatures of ~950-1000°C where kinetic factors
play smaller roles.! Consequently, the formation of 8- and 0-
AlL,O; has been conventionally expressed in terms of heat
treatment temperature.**) While this provides a useful con-
ceptual view, it is now realized that such description may not
satisfactorily capture the complexity of the evolving micro-
structures. Both 6-Al, 05 and 0-Al,O; can coexist in a common
microstructure over a broad temperature range!* and, more-
over, the evolving structures can encompass an intermediate
state containing the bonding environment of both 6- and 6-
ALO;! In addition, it has also been shown that the
formation of 6-Al,O; can be bypassed and 6-Al,O; formed
directly from vy-ALO;. This has been demonstrated for
transformation from y-AlL,O; with a rod-like morphology
derived from boehmite."!! As both structures of 8- and 6-
AlLO; have a complex crystallography and accommodate
a high degree of structural disorder,'*“>'¥l reliable quantifi-
cation and tracking of the microstructure as it evolves during
phase transformations is the main limitation in advancing our
understanding of high temperature transition aluminas.

Conventional XRD or NMR approaches that do not
explicitly account for disorder are not well suited for
structural analysis of these complex systems."!“%! In order
to address the stability and mechanism of transformations of
high temperature transition aluminas, this work explores the
possibility of adopting recursive stacking XRD quantifica-
tion. The recursive stacking XRD techniques has been
previously developed for analysis of planar disorder,
making it thus suitable for the analysis of the dominant
disorders in 8/6-Al,0; microstructure. In 8-AlL,O;, the dis-
order originates largely from the planar intergrowth of four
8,-AlL0; variants.'*¥ There are also other types of disorder
present, such as porosity, domains, and points defects,!"” but
these are not suited for recursive stacking formalism. In 0-
Al,O;, there are two main types of superimposed structural
disorders.'” Only one of these has a planar character
(twinning), and is thus suitable for analysis using recursive
stacking. The use of recursive stacking has been previously
applied for characterization/quantification of structural inter-
growth in zeolites,'” oxides,' twinned and disordered
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structures of SiC and kaolinite and other known planar
defected structures.

We develop a methodology for recursive stacking in d-
Al,O; and 0-Al,O; and demonstrate that explicitly accounting
for this type of disorder is necessary to reliably model the
XRD patterns of high temperature transition aluminas. The
methodology is applied to study phase transformation in high
temperature transition aluminas derived from boehmite,
enabling us to describe the complexities in the evolution of
0- and 0-Al,O; and their stabilities.

Results and Discussion
High-Temperature Transition Al,O,

We formulate the recursive stacking description of
disorder in 0-Al,O; and twinning in 6-Al,O; based on
crystallographic analysis of &- and 6-AlL,O; provided in
previous works.'%1* According to this work, the high
temperature microstructure can be conceptually described
in terms 0-ALO; intergrowth, with two different intergrowth
modes, and 6-AL,O; with two superimposed types of struc-
tural disorder. A depiction of the structural components of
high temperature transition Aluminas is shown in Figure 1.

In 8-AlL, O3, there are two types of intergrowths. The first
type is labeled as 6, ,-Al,O;, and as suggested by the notation,
the intergrowth consists of §;- and 0,-Al,O; variants. The
variants are structurally very similar but subtle differences
can be identified based on the population of different subsets
of Al sublattice vacant/octahedral/tetrahedral sites. The high
degree of similarity enables considerable structural inter-
growth. The second type of intergrowth is labeled as 0,34
Al,O3, and originates from 0,-, 8;- and 0,-Al,O; variants. All
three variants are based on an identical structural unit but
stacked according to different translational and rotational

62,3,4-A|203

81,5-Al,0; (intergrowth)

(2D defects)

Figure 1. Schematic representation of the components of transition
Alumina in 8/6-Al,0; stability region.
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operators. A detailed account of these intergrowth structures
was provided by Kovarik et al."* Because of the planar nature
of the intergrowths, the XRD recursive stacking approach
provides an ideal method for microstructural characterization
of planar intergrowth in 6-AlL,O; and can be applied to
quantification in mixtures using Rietveld fitting of powder
diffraction patterns.

The structure of 0-Al,0; accommodates two superim-
posed types of disorder, including twinning and ,,2D-struc-
tural® disorder. Twinning is almost exclusively restricted to
(100) as shown in Figure 1. It is often present in very high
densities,'* and thus it is an important component of 0-
Al Oj; structure. Twinning represents a planar fault, and XRD
recursive stacking approaches provide an ideal way of
capturing and quantifying its extent.

On the other hand, 2D structural disorder does not have
a planar character, and cannot be modeled with recursive
stacking approaches. Other more generic approaches, such as
Debye scattering would be appropriate to account for this
disorder.?! Given the current limitation of implementing 2D
structural disorder, the present study treats 6-Al,O; as an
ideal structure of -Ga,0O;, which has 50 % octahedral and
50% tetrahedral Ga® ions. This is an approximation of -
Al O3, which is expected to have 43%-48 % of tetrahedral
Al3+.[10]

Methodology of Modelling Intergrowth/Twinning

Model of Intergrowth in 6;,-AlL,O;: Intergrowth in §;,-
Al,O; is formulated as a recursive stacking of four layers. As
shown in Figure 2, two layers are derived from §,-Al,O;, and
two layers are derived from 9§,-Al,O;. For the two layers
derived from §,-Al,O3, each layer corresponds to half of the
unit cell. For the two layers derived from 98,-Al,O; each
represents a full unit cell of 8,-Al,O;, but they are related by
a 180° rotation, in order to accommodate the structure with
0,-Al,O; segments. As shown in Figure 2, the lattice corre-
spondence between the layers from variants of §,-Al,Os
and 8,-Al,O; can be expresses as [001]y//[010]s, and
[010]5//[001]55-

8,-A1,05(P2,2,2,) 8,-A1,05 (P2,) 8,-Al,04(P2,)

S P, AP St

10101..:6

| [001]

| [00T] :

layer4

layer3

Intergrowth (Stacking) Direction

Figure 2. Formulation of structural intergrowth of 8,-Al,O; and d,-
AlLO;. The structure is built by four layers, which represent the
individual components of §,-Al,0; and 9,-Al,0;.
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All four layers in the recursive stacking have been
translationally aligned with respect to each other to meet
the stacking constrains, and the recursive stacking Scheme
itself does not require any additional translation offset
perpendicular to the stacking direction. The rules for stacking
of individual layers and creating intergrowth structures under
the probability of occurrence for each variant are listed in
Table S1. For example, layer 1, which represent 9,-Al,O;
component, can only be followed by layer 2 (8,-Al,03) or
by layer 4 (3,-Al,0;). The proportion of §;-AlL,O; is controlled
by probability value (9,,,), and d,-Al,O; by probability value
dye, = (100‘61%)-

Model of Intergrowth in 0,; ,Al,O;: Intergrowth in 8, ,-
Al,O; is formulated as a recursive stacking of eight layers,
which differ only by their rotational and translation arrange-
ment. The way the layers are related to the individual variants
of 0,-Al,O is shown in Figure 3. Each layer represents a half-
unit cell from either of the three variants of §,-Al,O;, as
shown in Figure 3.

The rules for stacking of individual layers in the inter-
growth is listed in Table S2. The sequence of layers for the
individual variants in the intergrowth is defined by probability
0,%. For example, 8,-Al,O; is obtained from stacking of
layers 1—2, 2—1 or 3—4, 4—3 and defined by probability
0,4, Unlike in the previous case of 9,,-Al,O;, the recursive
stacking in §,;,-Al,O; requires that the layers are transla-
tionally aligned during stacking and these offsets are included
in Table S2.

Model of twinning in 6-Al,O;: Twinning in 0-Al,O; can be
formulated relatively simply as the recursive stacking of two
layers. The two layers are related by mirror symmetry plus
translation operations. As shown in Figure 4, the layers were
defined in terms of an orthorhombic lattice, with 10 atoms in
the layer, which is half the size of conventional 6-Al,O; unit
cell.

The rules for recursive stacking are listed in Table S3. The
transition from one layer to identical layer corresponds to an
un-twinned configuration, while transitions between differing
layers corresponds to twinning, with a probability of (twin% ).

8,-A1,05 (P2,) 8,-A1,05 (P2,) Layersin §,3,-Al,0,
":Q [ layer 4 layer 8
[om]go . [0101 | f/i//( ﬂ//)’.
| [ooT) 1'001
- layer 3 layer 7
85-Al,05 (A2/n) 35 AIZO (A2/n) 2 B Py ° o0 o 0 o
5., ° B .
§
& layer 2 layer 6
. Sl e e o e o 0.0 0
[017) 2 .;.f;. N -.g;.é‘}
® o N N o
8,-Al0, (P1) 2 oo a.< . o .
4 layer 1 layer 5

s

° °
L.;[om] . L; [200]

Figure 3. Formulation of structural intergrowth of 8,-, 8;- and 8,-Al,O;.
The structure is built by eight layers.
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o- AI203 (CZ/m) 0- AI203 (C2/m)
Layer 1 . . Layer 2
1100] S 00 S,
° ° . °
. . . \ . T
[001] [001)

Figure 4. Formulation of twining in 6-Al,05. The twin structure is built
by recursive stacking of two layers.

Translational offsets required to accomplish stacking are
reported in Table S3.

The Choice of Parameters to Refine

As follows from the description above, the basic structural
parameters to represent high temperature transition alumina
are the volume fraction of individual intergrowth components
V% (8,,-AL03), V%(8,5,4-AL0s) and V% (0-Al,05), and the
level of intergrowth in each component 8, ,-ALO; (8;4,,9,9,),
0234-ALO; (079,054, 049,) and 6-ALO; (twin% ). Additional
basic parameters also include lattice parameters of the
individual components, crystallite size, atom position within
the structures, occupancy, Debye-Waller factor.

The number of potential parameters is consequently
relatively large, and determining or refining such a high
number of parameters based on the XRD pattern is not likely.
To investigate how sensitive XRD is with respect to the
different intergrowth/twinning in 8- and 6-Al,O;, the indi-
vidual intergrowth/twinning modes were first evaluated
independently in order to understand the effect on diffraction
intensities. The simulations were performed using the DIF-
FAX software package,' and a summary for the key
intergrowth configurations is shown in Figure 5. In the case
of 8,,-Al,0;, we find that changing the relative proportions of
0, and 0, does not have a significant effect on the main
diffraction intensities. Only relatively small differences are
observed for diffraction intensities in the low two-theta
region, as shown in Figure 5a. Given the expected presence of
other components, analysis of intergrowth in 8, ,-Al,O; is not
well suited for XRD refinement. In the case of ,;,-Al,05, we
find that changing the proportion of intergrowth parts can
have a significant effect on the main diffraction intensities.
This is especially the case for intergrowth components of ,-
to 0;-ALO;. As shown in Figure 5b, increasing the proportion
of 8;-Al,0; within 8,-Al,O; significantly modifies the relative
peak intensities in the range of 30—40° with respect to the
diffraction planes in 46-47° range. This is not the case for
components 9,4 Al,O; (Figure 5c), where the intergrowth has
only a negligible effect on the diffraction intensities. Analo-
gously to 0,,-Al,0;, only low intensities at relatively low
diffraction angles are affected. For 0-Al,O; we find that
twinning has a strong effect on the relative intensities, as
shown in Figure 5d). Some of the most significant effects are
observed for diffraction planes (401) and (111), as highlighted
with arrows.

www.angewandte.de

dte

Chemie

21905


http://www.angewandte.de

5 -AlO
a) .I -IOG - 12 :Z 3
810° |
h]2~AIZOE(M-7(v(’)
S5 5
i 610 '
- a‘z-Alzos(m-x(m
2
3 .
S 410
]
8 h‘z-Alzoa(m-vuf,;)
20 25 30 35 40 45 50
2 Theta [degrees]
C) 2.510° ) “24_5]203 i
210°
(\U-Alzoa(bz-mr;)
<D(f 1.510°
: b24»AI203(«\2-8()€;)
=2
g 110°
€ 3,,7AlL0, (52-90%)

45

40
2 Theta [degrees]

20 25 30 35 50

Forschungsartikel

dte

Chemie

An

023-AI203

b)z.s 10°

210° |
hzs-Alzos(hz-mr.;)

1.510°
5, .-ALO_(52-80%)

110°

Intensity [A.U.]

- 2=90%
«\23 Alzoz(h' 90%)

510°

0 a h . A
20 25 30 35 40 45 S0

2 Theta [degrees]
d)

1.610° |

v u-AIZVO3

P 16 % twinning
—1.210

12 % twinning

8000 -
8 % twinning

Intensity [A.U

4000 |4 % twinning

0 % twinning
35 40 45

30

20 25 S0

2 Theta [degrees]

Figure 5. DIFFAX simulated diffraction patterns for the intergrowth structures of a) 9, ,-Al,O;, b) 9,5-Al,03, c) 9, 4Al,O; and d) twinning in 6-Al,O;.

These calculations demonstrate that some intergrowth
modes result only in subtle changes in XRD intensities. These
are therefore not sensitive to structural refinement using
recursive stacking, and this enables us to simplify the
parameter space. Since the intergrowth in §,,-Al,0; does
not have a strong effect on the diffraction intensities, the
structure of §,,-Al,0O; is approximated by 8,-Al,O;. For the
structure of §,;,4-Al,0;, we only consider the contribution
from 9,- and 8;-Al,O;, while omitting d,-Al,O;. For 0-Al,O;,
twinning is included as an important intergrowth mode in the
refinement.

The summary of structural parameters refined in this work
is given in Table 1. The parameters include volume fraction,

Tabelle 1: List of structural parameters that were either refined or kept as
constant during the refinement.

8,,-ALO;  8,5,-AL0; 6-ALO,
Volume fraction YES YES YES
Planar disorder model (intergrowth) NO ONLY YES

6,-AlL,O;  9,3-Al,0;  twinning
Lattice parameters YES YES YES
Crystallite size YES YES YES
Domain Size NO NO NO
Layers dilatation NO NO NO
Atom positions NO NO NO
Atom occupancy NO NO NO
Debye-Waller factor NO NO NO

21906 www.angewandte.de
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intergrowth parameters, lattice parameters and crystallite
size. Structural parameters that were kept constant include
domain size, layers dilation, atomic site positions, site
occupancy and Debye-Waller factor. In our work, domain
size was considered to be the same as crystallite size, layers
dilation to be zero, atomic site positions were derived from
DFT methods, site occupancy was considered 1, and Debye-
Waller factor of 1.

Evaluation of the Recursive Stacking Approach

The newly developed recursive stacking approach was
tested for its ability to represent the experimental measure-
ments and the ability to well define the intergrowth/twining
structural parameters. The tests were performed on samples
heat treated at 1050°C corresponding to different stages of
microstructural development.

We find that the recursive stacking formalism provides an
important improvement over conventional refinement. An
example is shown in Figure 6 for a sample heated for 8 h
@1050°C. Refining the structure using a conventional linear
fitting approach resulted in considerable residual intensity,
reflected in the merit value, R, of 14.8%. The recursive
stacking formalism provided a noticeably better fit to the
observed pattern, with smaller residual intensity and R,,, of
9.5%. R, values around 10 % were typically obtained from

Angew. Chem. 2020, 132, 21903 —21911
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Figure 6. Comparison of XRD refinements based on the recursive
formalism and conventional formalism using a linear combination of
individual phases. In both cases, the black line represents the
experimental observations and the green line represents the refine-
ments. The red line is residual intensity.

refinements of the patterns we investigated. The largest value
of 10.7 % was obtained for earliest stages of transformation of
2h @1050°C. Although these values are larger than ideal
refinements, a larger R,, is expected to originate from not
accounting for the presence of small Al sublattice domains in
8-Al,0; as well as other microstructural features. Oppor-
tunities for improving the modelling of XRD patterns in the
early stages of transformation are described in a later section.

The intergrowth in §,;-Al,0; and twining in 6-AlLO;
parameters are well defined in the search of the best fit of
XRD patterns. An example for a sample heat treated for 8 h
@1050°C is shown in Figure 7a. The merit value (R,,-value)
is plotted as a function of the degree of twinning in 0-Al,O4
and the fraction of §, in the 8,;-Al,0; with the global
minimum representing the best overall XRD fit. In this
particular case we obtained the best fit when 9,5-Al,04
contained 60% of §, and 6-Al,0; accommodated 14 % of
twinning,

The optimum values cover a relatively narrow range
under the tested heat treatment conditions. The uncertainty in
identifying the optimum intergrowth/twinning parameter
changes slightly as a function of the volume fraction. For
example, for longer calcination times, when volume fraction
of 0-Al,O; increases to approximately in 60 % and 0,3 4-ALO;

Fit index
120

Z

8h @ 1050°C

1.8
1.6
1.4
1.2
1.0
10.8
10.5
103
10.1

8,-Al,04 in intergrowth (%)

©-Al,04 twinning (%)

Forschungsartikel

decreases to 25 %, the definition of twinning improves while
the definition of intergrowth parameter slightly worsens, as
shown in Figure 7b. It is likely that this approach may not be
well suited for refining the intergrowth/twining parameters if
the volume fraction of the component falls below 10 %.

Application to the Quantification of Transition Aluminas

The recursive stacking refinement was applied to study
the mechanism and kinetics of phase transformation for
samples heated between 2—48 h at 1050°C. For this time and
temperature range, combinations of §,,-, 8,34- and 6-Al,0;
represent the only possible components of the microstructure.
v-Al,O; can be excluded as the heat treatment extends
beyond its stability range, and a-Al,O; formation was not
observed.

The derived volume fraction of individual components as
a function of calcination time is plotted in Figure 8a. We find
that §,;,-AlL,O; is the main component forming in the
microstructure in the earliest stages of aging. After 2 hours
of aging, it represents approximately 65 % of the total volume
fraction. The remaining fraction of the microstructure corre-
sponds to 6-Al,0O; rather than 9, ,-ALO;. 8-Al,0; is present at
almost 30 % concentration while 9, ,-Al,O; was found only at
approximately 5%. Upon further heat treatment at 1050°C,
0,34-AL0; gradually transforms to 6-Al,O; and 6,,-AlL,0;, as
shown in Figure 8a. After 48 hrs/1050°C, the longest time we
studied, 0-Al,O; is the main component, at approximately

1050°C Heat Treatment 1050°C Heat Treatment

40
30 |
20 | .

Volume fraction [%]

82 fraction / 8-twinning [%]

0 10 20 30 40 50 0 10 20 30 40 50
Calcination time [hours] Calcination time [hours]

Figure 8. a) Structural evolution of individual components of high
temperature transition alumina. b) Evolution of intergrowth disorder in
9,3,4-Al,0; and twinning in 6-AL,0;.

o
-

Fit index
120
19

48h @ 1050°C

1.7
16
15
13
1.2
1.1
10.9
10.8
10.7
105
104

8,-Al,0; in intergrowth (%)

5 10 15 20 25
©-Al,0, twinning (%)

Figure 7. Dependence of Rietveld fit criterion on disorder in §,5-Al,0; and 0-Al,O; for sample heat treated a) 8 h at 1050°C b) 48 h at 1050°C.
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60 %, while 9,3,-Al,0; decreases to approximately of 25 %
and 0,,-Al,O; increases to approximately 15 %.

The key take away from these observations is that the two
intergrowth modes of d-Al,O; have very different evolution
profiles. The intergrowth of 9,;,-Al,O; is predominant in the
early stages, while 8, ,-Al,O; is formed from transformation of
0,34-ALO; with further heat treatment. 0-Al,O; also forms
from 0,; 4-Al,O;, but at much higher rate than §,,-Al,O;. The
0- to 0-Al,O; transformation slows down significantly during
the course of heat treatment and after 48 hours the micro-
structure appears to stabilize in a mixed 98-Al,04/0-Al,04
state. This finding supports the view that both 6-Al,O; and
0-Al,05 can coexist in a common microstructure over a broad
temperature/time range.!'"”

During the course of heat treatment, the level of inter-
growth in §,;-Al,0; or twinning in 0-Al,O; was found to
change only to a small degree, as shown Figure 8b. The
fraction of 6, in the §,;,-Al,O; component increased from
approximately 60% for short heating times to 72% after
48 hours. The trend towards a higher fraction of §,-Al,O; can
be understood on the basis of slightly greater thermodynamic
stability for §,, and also based on the fact that §;-Al,O; can
readily transform to 0-AlL,O; due to symmetry similarities.!"”
For the structure of 6-Al,O;, we find that the degree of
twinning stays approximately constant throughout the course
of transformation, corresponding to ~ 14 %.

As a part of the structural refinement, we also evaluated
the lattice parameters of 0, ,-, 0,3 4- and 0-Al,O;. As shown in
Figure 9, we find that the lattice parameters show little
variation, and stay mostly within the range of experimental
errors during the course of heat treatment. One of few
exceptions is the lattice parameter for [100] of 6-AlL,O;, which
is found to continuously evolve towards lower values during
the course of heat treatment with a total change of 0.25%.
Evolution towards smaller [100] lattice parameters would be
expected under the circumstances that 0-AlL,O; changes
towards a smaller amount of 2D disorder. We note that the
change of 2D disorder should be also associated with an
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expansion of [010], but this is observed only partially. As such,
judging the nature of disorder in 60-Al,O; from lattice
parameters is an intriguing prospect but its applicability
should be investigated further. In microstructures containing
0-Al,0,/0-Al,0; boundaries, the variation in lattice param-
eters is also expected to be governed by coherency strains, and
this may limit the utility of the approach.

Discussion

The current work demonstrates that explicitly accounting
for planar disorder in 6-Al,O; and 0-Al,O; is necessary to
model XRD patterns of high temperature transition alumina.
By accounting for the planar disorder, it is possible to derive
volume fractions for individual components and their level of
intergrowth/twinning, which represent the key structural
parameters for understanding the mechanism of phase trans-
formations. However, the planar disorder is not the sole type
of disorder found in the microstructure of high temperature
aluminas. Other types of disorder are present, especially in
the earlier stages of microstructure transformation. This is
evident from higher values of R, which show that the planar
disorder alone cannot fully represent the experimentally
obtained XRD patterns.

An important structural parameter, which has not been
accounted for in the present work, is the size of 6-Al,O; and
0-Al,O; domains. In the context of transition aluminas, the
domains are differentiated from the crystallites. Domains
represent a discontinuity of the Al sublattice but with the
oxygen sublattice being continuous, as schematically shown in
Figure 10a. Physically, the discontinuity in Al sublattice can
be explained by the presence of rotationally and translation-
ally related variants of 6- and 6-Al,O; sharing a common
oxygen sublattice."! Accounting for the domains is expected
to be important, especially in the early stages of 6-ALO;
formation when the microstructure can accommodate a high
density of Al domains with size well below ~ 10 nm.['"l The
presence of domains can be modeled using the Debye
scattering equation,””!! which explicitly includes every atom
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Figure 9. Lattice parameters from XRD recursive refinements as a func-
tion of time at 1050°C. The lattice parameters for 9,; -Al,O; are given
in terms of the basic intergrowth unit. For 0, ,-Al,O;, the lattice
parameters are given in terms of orthorhombic P2,2,2, (a~a, b~2a,
c~1.5a,). For 0-Al,O;, the lattice parameters are represented in terms
of the monoclinic C2/m crystal.
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Figure 10. a) Schematic of domain microstructure of 6-Al,O; in the
earlier stage of formation. b) Schematic of 2D disorder in 6-Al,0;. ,,3-
Ga,0;" structure type can accommodate 0;-Al,0; bonding environ-
ment.
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in the structure rather than applying a periodic repeat. This
approach has been previously applied to study the faulted
structure of y-AlLOj; in the work of Pakharukova et al.l”

Another structural parameter that should be considered
in the future work is the 2D disorder in 06-Al,O;. The disorder
arises from reordering of subset of octahedral and tetrahedral
sites, as they change from ,,-Ga,0;“ to §;-Al,O; bonding
environment, as schematically shown in Figure 10b. The
disorder is non-periodic and can be modeled using Debye
scattering equation using a superstructure. It is noted that
refinement against observed data can become computation-
ally expensive using Debye scattering equation, and a possible
alternative approach is to approximate the disorder using
partial occupancies in conventional cell. Partial occupancy for
oxygen and Al sites were previously shown to improve fit for
0-ALO; " Provided that a correlation can be established, the
use of partial occupancies could provide a non-physical but
a valuable alternative for easy estimation of disorder in 6-
ALO;.

The high number of parameters needed to represent the
microstructure of high-temperature transition aluminas raises
a question whether XRD alone can be used for their
determination. Individually, the parameters may converge
robustly but refining the large number of parameters all
together may not lead to a unique solution. In addition, XRD
also has a poor sensitivity to address some disorder types, such
as the intergrowth of 6,,-AlL,0; and §, in 8,5,-AL0;, as
demonstrated by DIFFAX simulations. Consequently, it can
be reasoned that the quantification of transition alumina may
require the use of complementary techniques, ideally under
global refinement. In this respect, the complementary use of
NMR is especially attractive as it provides an independent
quantification of octahedral and tetrahedral sites, and a val-
uable information about the local bonding environment of Al
due to the sensitivity of quadrupole nuclear magnetic moment
Of 27A1.[22’23]

Complementary use of NMR and XRD has been pre-
viously applied for quantification of 2D disorder in 0-Al,O;
when 0-Al,O; is accommodated in a common microstructure
with 6-A1,0,.""! For 0-ALO; alone, the analysis could be
accomplished without the use of XRD since the amount of 2D
disorder could be directly linked to the ratio of octahedral/

=2
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tetrahedral sites. However, in 6-Al,0/0-Al,O; microstruc-
ture, the knowledge of volume fractions, as determined from
XRD, is required. In the previous work,'! the XRD
quantification utilized a simplified model for 6-Al,O; without
the 2D disorder. Provided that 2D disorder can implemented
for XRD pattern modelling, it can be envisioned that the
derivation of both 2D disorder and volume fraction can be
done in a combined XRD-NMR iterative fashion for im-
proved accuracy and reliability.

It is noted that a key assumption in the combined analysis
presented by Kovarik et al.l'"is that §-Al,0; contain a known
percentage of 37.5% of tetrahedral sites. However, in the
earlier stages of transformations, when 8-Al,O; undergoes
development, this assumption may not be justified. The need
to consider a lower percentage of tetrahedral sites in the
earlies stages is shown in Figure 11a, which plots the overall
fraction of tetrahedral sites in the microstructures as a func-
tion of volume fraction of §-Al,04/6-Al,0; for samples
heated at 1050°C. At 2 hours of aging, the overall fraction of
tetrahedral sites is found to be ~ 38 %. Given that fact that the
microculture contain 70 % of 8-Al,O; (as derived with XRD),
and assuming 37.5% of tetrahedral sites, then the corre-
sponding number of tetrahedral sites in 30% of 6-ALO;
would have to drop to unrealistically low value of 39%.
Instead, it is more realistic to consider that 6-Al,O, accom-
modates a smaller fraction of tetrahedral sites in the earlier
stage, as documented with a plausible range in Figure 11a,
which would then increase the tetrahedral sites in 0-Al,O;.
The physical origin for the modification of tetrahedral/
octahedral ratio in 8-Al,O; is not known, but the presence
of defects, such as porosity (surfaces with modified Alg,/
Alpy), domain boundaries, or point defects can be hypothe-
sized as the origin.

Quantification of the different transition alumina phases
can be also pursued on the basis of NMR chemical shift and
line shape analysis.”**" The non-spherical charge distribution
around the Al nucleus gives rise to a quadrupole moment,
which results in signal broadening which, when coupled with
sites at similar spectral positions greatly complicates quan-
tification of Al species in mixtures of transition alumina
phases. However, the unique chemical shifts and line shape
parameters which reflect the differences in the local bonding
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Figure 11. a) NMR determination of the tetrahedral and octahedral sites within the structure of transition Aluminas. b) NMR spectra of a sample
heated for 48 hours at 1050°C represented as a linear combination of 9,, 8;and 0-Al,O;. (Lorentzian 600 Hz line broadening).
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environment of alumina species can be exploited for rigorous
quantification if they are known precisely. Given that both -
and 0-Al,O; contain numerous octahedral and tetrahedral
sites (e.g. 10 crystallographically distinct octahedral sites for
9,-AL,O; alone) and the proportion of the components
changes with heat treatment conditions, NMR spectra for -
and 0-ALO; should not be considered as comprising one
tetrahedral and one octahedral resonance for each phase. One
approach to address this quantification challenge is to use
DFT-based electronic calculations of the *’Al nuclei to
simulate the line profiles for individual §;-Al,O;, 6,-Al, 03,
05-AL 03, 8,-Al,05, and 6-Al,O; components as a basis for
simulation. In Figure 11b, we show NMR spectra previously
published in our work!"”! and a corresponding deconvolution
fit represented as a linear combination of DFT-calculated 9,
9, 8; 04 and 0-Al,0; (B-Ga,O; structure) NMR profiles. The
best fit was obtained for a composition comprised of 6, =
13%, 8;=19.4% and 0-Al,0;=67.6%. The fraction of &-
Al,04/0-Al,0; is fairly consistent with XRD results (Figure 8)
while the fraction of individual components of d,-Al,O;
differs. We note that the fit quality and corresponding
composition are highly sensitive to the line-broadening
applied to the DFT simulations; however, the general ability
to represent NMR spectra in this fashion is encouraging for
future quantification. Further work on combing NMR and
XRD methods for comprehensive quantification of high
temperature transition aluminas is ongoing.

In addition to NMR and XRD, there are a number of
other techniques that can provide further constraints for the
structure of these complex materials. It can be envisioned that
multimodal approaches, ideally used under global refinement,
will allow for better quantification of these complex materials.
Such approaches can include other techniques such as skeletal
Raman spectroscopy, PDF or Neutron diffractions that have
shown to provide valuable information about transition
aluminas.['*-?2]

Conclusion

The current work demonstrates the utility of a recursive
stacking formalism for quantification of high temperature
transition aluminas in the 8-Al,056-Al,0; stability range. We
find that a recursive stacking approach allows quantification
of the intergrowth types of 8-ALO; and 0-AlO;, and its
application provides a significant improvement to the fit of
experimental data. The newly developed XRD refinement
was applied to study the mechanism of transformation o-
AlLO; to 6-ALO;. It was shown that different intergrowth
modes in 0-Al,O; undergo different transformation pathways,
and that a significant fraction of d-Al,O; remains stabilized
even after prolonged exposures to high temperatures. Even
with the improvements, we find limitations to quantification
using the recursive stacking approach and have outlined
future directions for possible multimodal XRD and NMR
analysis of transition aluminas.
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