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Twinning and epitaxial growth of taaffeite-type
modulated structures in BeO-doped MgAIl,O4t

Sandra Drev, Aleksander Re¢nik and Nina Daneu

A recent study of (111) twins in MgAl,O4 spinel crystals from Mogok (Burma) implied that twinning could
be triggered by the presence of Be during crystal growth. Here we demonstrate that twinning in spinel is
in fact chemically induced and is not a consequence of an accidental attachment of crystals. The growth
conditions were reproduced in a tube furnace at 1200 °C by liquid-phase assisted reaction of Al,O5 and
MgO with the addition of BeO, while PbF, was used as melt-forming agent. BeO does not only cause
abundant {111} twinning of spinel, but also complex topotaxial overgrowths of BeMgs;AlgOq¢ taaffeite
when the concentration of BeO exceeds 12.5 mol%. A HRTEM study of the spinel-taaffeite interface
confirmed the following epitaxial relationship: [110]~{111}5p\|[1120]-{0001}taf. The basic structural unit,
observed on (111) twin boundary in spinel (ie. Be?* replacing for Mg?* on the interfacial tetrahedral
interstices), is identical to hexagonal close-packed (hcp) sequences observed in ternary taaffeite
compounds, suggesting that twinning is probably a preparatory stage of polytype formation. The
formation {111} twins in spinel is explained in the context of twin-induced exaggerated grain growth
mechanism. This phenomenon can be exploited for the production of spinel crystals with complex

www.rsc.org/crystengcomm morphologies.

Introduction

Magnesium aluminate MgAl,O, (spinel) has many technologi-
cal applications due to its outstanding thermal, mechanical
and optical properties. In order to obtain the desired physical
properties of spinel ceramics one of the main objectives is
efficient control of microstructure development during pro-
cessing." Recently, we have shown, that grain growth in
ceramics can be successfully engineered by introduction of
chemically induced polytypic faults in crystal grains during
growth.” Planar faults, such as twin, inversion and antiphase
boundaries, play a key role in microstructure development.
They produce an abrupt structural and chemical anisotropy,
which is reflected in exaggerated growth. This phenomenon
can be exploited for microstructural engineering and tailoring
physical properties of functional materials in virtually any
system that is prone to the formation of such polytypic faults.?

In the study of twin boundaries in natural spinel crystals
from Burma, Daneu et al.* proposed that twinning in MgAl,0,
is triggered during crystal growth by incorporation of
beryllium on the twin boundary. Crystallographically, a twin
boundary in spinel is produced by 180° rotation around the
[111] axis,” resulting in the local hcp stacking across the
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interface, where the tetrahedral sites are occupied by Be**
instead of Mg>"." In addition to indirect evidences for Be
provided by transmission electron microscopy (TEM) methods
and Pauling’s principle of electroneutrality the authors further
supported their hypothesis by the existence of close structural
relationship between spinel (MgAl,0,) ¢ and chrysoberyl
(BeAl,04),” and the existence of intermediate polytypic,
taaffeite-type (Be,MgyAly(y.y)Ou(xsy)) series.®®

The common feature that can be observed on twin
boundaries, taaffeite compounds as well as in the chrysoberyl
structure is the presence of Be** on the tetrahedral sites next to
the hcp stacking of the oxygen sublattice. In the spinel
structure, oxygen-sublattice is repeated in cubic, ccp stacking,
along all four <111>-axes, whereas in the chrysoberyl
structure, the oxygen sublattice is repeated in hcp stacking
along the <0001>-axis. Similar structural features are
observed in natural and synthetic taaffeite-type compounds
with different periodicities of ccp and hcp sequences; i.e.
BeMgAl,05,% "% BesMgsAl605,,""  BeMg,Alg0,">*®  and
BeMg;Al;046.**® The existence of similar structural elements
implies that Be-induced twinning in spinel is nothing but a
preparatory stage of polytypic phase transformation in the
MgAl,O,-BeAl,0, system.? Using a flux method, Tabata and
Isshi'® succeeded to grow twinned spinel crystals with the
addition of BeAl,0, and suggested that the local structure of
twin boundaries could be related to chrysoberyl or even olivine
(Mg,Si0,), because both minerals coexist with spinel in
natural environments.
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Table 1 Sample compositions for studies of phase formation in the MgO-Al,03-BeO system. Taaffeite phase compositions were prepared according to the

stoichiometry of reported compounds'®

Sample Targeted phase MgO (mol%) Al O3 (mol%) BeO (mol%) PbF, (mol%)
Sp MgAlL,0, 40 40 20
T3 BeMg;Alg0, 6 30 40 10 20
T2 BeMg,Al;O,, 27 40 13 20
T1 BeMgAl,Oq 20 40 20 20
Ch BeAlL,O, 40 40 20

Until now, the influence of BeO-addition on twin formation
and microstructure development of synthetic spinel-based
ceramics has not been studied yet. The main objective of our
work was to confirm if {111} twinning in MgAl,O, can indeed
be triggered by the addition of BeO, as suggested pre-
viously,»'® and to what extent this influences the growth and
morphology of MgAl,O, crystals. In addition to twinning we
also investigated the formation of taaffeite-type compounds in
the MgO-Al,0;-BeO system.

Experimental work

Sample preparation

For our study of phase formation in the MgO-Al,0;-BeO
system, we prepared samples with the compositions listed in
Table 1, following a standard mixed-oxide technique. Reagent
grade powders of MgO (99%, Alfa Aesar, C23W021), Al,O;
(99%, Alfa Aesar, F28X120), BeO (99%, Alfa Aesar, F17T009)
and PDF, (99%, Alfa Aesar, 824R038), were mixed in appro-
priate ratios and homogenized in absolute ethanol. PbF, was
used as a liquid forming additive in order to enhance the
diffusion processes, while its relatively large amount (20%)
was used to assist unconstrained crystal growth and semi-
idiomorphic development of crystal grains, which is conve-
nient for simple identification of crystal morphology. Another
set of samples was prepared to study the influence of BeO-
doping on twinning in MgAl,0,.%"° For this purpose, the
samples with MgO-Al,O; ratio of 1 : 1, and different additions
of BeO (0.1, 1.0 and 10.0 mol%) were prepared. Homogenized
powders were pressed into pellets under a pressure of 200 MPa
and sintered for 16 h at 1200 °C in air with heating and cooling

rates of 10 K min ™.

Characterization methods

Phase composition of the samples was determined by X-ray
powder diffractometry (XRD; PW1710, Philips, Germany) using
Ni-filtered Cu Ka radiation in the range 26 = 10°-60° with a
step of 0.04° and recording time of 1 s per step.
Microstructural investigations were performed on a scanning
electron microscope (SEM; ]JSM-5800, Jeol, Japan) and
equipped with an energy dispersive X-ray spectrometer (EDS;
Link ISIS 300, Oxford Instruments, England). For SEM studies
the sintered pellets were coated with amorphous carbon to
improve electron conductivity. The surfaces of the samples
covered with freely developed crystals were examined at an
accelerating voltage of 10 kV to avoid charging effects on
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uneven surfaces. EDS analyses were performed on polished
cross-sections of the samples at and accelerating voltage of 20
kv and the measurements were quantified using the internal
standards. Detailed structural investigations of the samples
were performed by transmission electron microscopy (TEM)
using a 200 kV microscope (TEM; JEM-2100, Jeol, Japan). For
TEM investigations the samples were cut into 3 mm discs,
mechanically thinned to 100 pm, and dimpled to 20 pm in the
disc center. Transmissive regions at the specimen center were
obtained by ion milling (PIPS, Precision Ion Polishing System,
Gatan Inc., USA), utilizing 4 kV Ar” ions at an incidence angle
of 8°, until perforation.

Results and discussion

Phase formation in the MgO-Al,0;-BeO system

XRD analyses of the samples with compositions listed in
Table 1, are shown in Fig. 1. In the sample, where MgO and
Al,O; were mixed in stoichiometric ratio for MgAl,O, (sample
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Fig. 1 XRD patterns of the samples with compositions listed in Table 1. Green
lines indicate positions of major chrysoberyl (Ch) reflections, whereas red lines
indicate the positions of major spinel (Sp) reflections. Note the shift of Sp
reflections in T1-T3 compositions to higher Bragg angles.
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Sp), only the peaks corresponding to the spinel phase are
present. Similarly, in the sample, where the Al,O; and BeO
were mixed in the ratio for BeAl,0, (sample Ch), the final
product shows only the peaks corresponding to chrysoberyl. In
both samples, no peaks of the starting oxides were detected
indicating that in the presence of PbF, flux the oxides
completely reacted into the two targeted compounds under
given sintering conditions.

On the other hand, when MgO, Al,0; and BeO were mixed in
the ratios corresponding to the intermediate polytypic taaffeite
phases, as suggested in the literature (Table 1), the products
did not correspond to the targeted phases, as anticipated.
Under our processing conditions, only the formation of
taaffeite BeMg;AlgO, phase (T3) was observed in all three
samples. The intensity of the diffraction peaks of taaffeite
gradually decreases from sample T3 with a stoichiometric
composition for the BeMg;AlgO,4 phase, to the sample T1 with
the composition for the BeMgAl,Og phase. In addition,
residual spinel and chrysoberyl peaks are observed in all three
samples. While a relative intensity of the peaks corresponding
to spinel phase (Sp) appears to be similar in all three samples,
the relative intensity of the chrysoberyl peaks (Ch) apparently
decreases form sample T1 to sample T3. In addition to
incomplete reactions to the targeted phases, another peculiar
feature can be observed in the XRD spectra of T1-T3 samples.
Namely, if we take a closer look at the positions of spinel-type
reflections in the T1-T3 samples we observe that they are all
shifted towards larger Bragg angles if compared to the
corresponding peaks in the Sp sample. The shift is not
constant but gradually increases with increasing 20 angle (see
Fig. 1). This indicates that the spinel phase in T1-T3 samples
has a smaller unit-cell (a = 8.060 A) than the regular spinel (a =
8.086 A). The possible reason for the reduction of the unit-cell
in these samples could be non-stoichiometry of the spinel
phase (cation disorder, incorporation of impurities, point
defects, etc.).>*°

Considering the relative peak intensities observed in the
XRD spectra (see Fig. 1) of the three starting compositions (T1-
T3), following partial reactions can be written:

T1: 12MgO + 12BeO + 24A1,0; —
1BeMg;Alg046 + 11BeAl, O, + 9MgAL, 0, (1)

T2: 16MgO + 8BeO + 24A1,0; —
2BeMg;AlgO0;6 + 6BeAl, 0, + 10MgAlL O, 2)

T3: 18MgO + 6BeO + 24A1,0; —
3BeMg;Al;0,¢ + 3BeAl,O, + 9MgAL,O, (3)

The presence of residual spinel and chrysoberyl phases in
the samples indicates that the reaction between the starting
oxides is diffusion controlled and that the sintering conditions
were not optimal to allow complete reaction of starting oxides
into the ternary BeMg;AlgO,4 phase. This suggests that under
our synthesis conditions binary phases spinel and chrysoberyl
are formed preferentially, whereas the ternary taaffeite phase
necessitates at least one of the binary phases for its formation.
Possible reasons for slow kinetics are in the fast heating rate,
long diffusion paths due to high amount of added liquid
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Fig. 2 The influence of twinning on crystal growth in spinel-based ceramics. (a)
Undoped spinel (Sp) sample composed of small octahedral crystals. (b) Spinel
doped with 10 mol% BeO. The microstructure is characterized by large twinned
crystals, up to 5-times larger than the simple octahedral crystals in the undoped
sample. Twinned crystals are displaying distinctive re-entrant angles. Two typical
twins are marked by arrows. Magnification of the SEM images is identical for
easier comparison of the crystal sizes.

phase, and rapid evaporation of the flux, as no residual peaks
were observed in the XRD patterns. EDS analyses of taaffeite
samples have confirmed our XRD results: no other inter-
mediate compounds could be confirmed except for the
BeMg;AlgO46 phase, occurring in the form of thin lamellar
grains in the matrix of fine-grained spinel and chrysoberyl. As
beryllium cannot be detected by EDS analysis the Mg : Al ratio
was measured in order to identify the taaffeite compositions.
The amount of BeMg;AlgO,6 phase was the largest in the T3
sample and the lowest in the T1 sample, as indicated by XRD
analysis.

Twinning in MgAl,O, with the addition of BeO

Surfaces of sintered pellets of an undoped spinel sample (Sp)
and that with the addition of BeO are shown in Fig. 2.
Undoped MgAl,O, sample is composed of uniform, up to ~5
pm large grains with simple isometric octahedral morphology
(Fig. 2a). Because of relatively large amounts of PbF, flux used
to enhance crystal growth and expose crystal morphology, the
samples with lower additions (0.1 and 1.0 mol%) of BeO did
not show twinning due to dissolution in PbF,. For this reason,
the addition of BeO was increased to 10 mol% and the twins
appeared in abundance (Fig. 2b). As opposed to the undoped
MgAl,O, sample, most of the spinel grains here are twinned
and exaggeratedly grown. The diameters of twinned crystals
easily exceed ~20 um.

As anticipated from the atomistic study of naturally twinned
spinel crystals,” the presence of Be indeed triggers twinning in
MgAl,O,4. A detailed inspection of the samples revealed that
{111} twins form in different growth stages. Non-equilibrium
growth conditions and high amounts of the liquid phase
greatly contributed to inhomogeneous distribution of BeO in
the microstructure. Knowing that one monolayer of Be*"-ions
is needed to trigger a single (111) twin boundary in spinel,* the
concentration of BeO can in principle be calculated for each
point in the microstructure. The local concentration of BeO
that is available for twin formation is proportional to the
number of twin boundaries per unit volume of spinel. Using a
simplified microstructural model composed of cubic grains,*!
we would need, e.g. only ~6 ppm of BeO for the growth of 10
pum large spinel crystals, each containing a single (111) twin
boundary. If the number of twin boundaries per grain is larger,
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transitional
stage

anisotropic growth thickening normal growth
Fig. 3 Development of (111) twin of spinel. In the nucleation stage the presence
of Be?* ions triggers the formation of (111) twin boundary. In this early stage
the crystal grows preferentially along the twin boundary (red line) which is
reflected in an unusual tabular morphology of such a composite crystal. As soon
as the supply of BeO is interrupted, the crystal starts to thicken. In the
transitional stage the crystals develop a characteristic twin morphology. This is
followed by normal growth of the two crystal domains if BeO does not re-enter
the growth process. In the micrographs the size of central twinned crystals is
~20 pm.

the concentration of BeO is proportionally higher. Based on
our observations twin boundaries nucleate on any of the
available {111} surfaces of spinel crystals. Furthermore,
depending on local availability of BeO, nucleation of a twin
boundary takes place at any time during crystal growth,
forming complex twin combinations.

Let us first take a look at the formation and growth of a
simple contact (111) twin of spinel. According to Daneu et al.*
Be®" ions can occupy the tetrahedral interstices in mixed {222}
layers of the spinel structure and thus form a local hcp
stacking fault, which is the basic element of the twin
boundary. As soon as this stacking is formed the twin
boundary starts to efficiently accommodate all free Be*" ions
from the surroundings. If the concentration of Be** is high
enough, twin boundaries will be formed on more free
octahedral faces, however if its concentration is relatively
low, all Be*" ions will be used for the growth of an already
nucleated twin boundary. This is confirmed by extreme
anisotropic growth along the twin boundary in the initial
stages of growth. Such crystals display an unusual tabular
morphology. When the supply of BeO is locally discontinued
the twin boundary stops forming and the crystal starts to
thicken. Eventually this process leads to the formation of
almost two perfect octahedra adjoined by a common octahe-
dral face; the original twin boundary. The described growth
stages are illustrated in Fig. 3.

Twin boundaries can simultaneously form on several
octahedral faces and complex twin combinations can develop.
Some of the observed complex twins are illustrated in Fig. 4. If
we assume that the twin boundary nucleates at a fixed rate
under selected sintering temperature, the rate of Be*"
diffusion to the nucleation sites is the controlling mechanism
for the twin formation. In such a case, the growth of an
existing twin boundary is sustained. However, if the concen-
tration of Be*" ions is larger than the nucleation rate of the
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Fig. 4 Complex {111} twinning of spinel crystals. (a) Composite lamellar twins
produced by many parallel twinning events in the early growth stage. SEM
micrograph shows two such twins in the left side of the image and one on the
right. (b) Cyclic twin composed of three spinel crystals (right). Such a twin is
formed by simultaneous nucleation of two neighboring {111} twin boundaries
on the same primary octahedral crystal in an early growth stage. In this case
anisotropic growth took place along two directions, resulting in a rapid growth
of the central crystal. On the left is a simple contact (111) twin in the late growth
stage with distinct growth ledges. (c) Multiple parallel twin with larger distance
between the twin boundaries (centre left) and a cyclic twin in its early growth
stage (centre right). (d) Complex cyclic-parallel twin, similar to the one used for
TEM analysis in Fig. 5. For clarity some twins are illustrated below, (e) multiple
parallel twin (f) cyclic twin in an early growth stage and (g) cyclic twin in the
transitional growth stage. The illustrations are briefly matching the crystals
shown in (c) and (b).

twin structure, a surplus of Be*" ions will be available for the
formation of a new twin boundary in close vicinity of the
preexisting. If, for example, in the abundance of BeO, new twin
boundaries are nucleated on the large octahedral faces, during
the early stage of growth of a simple contact (111) twin,
multiple parallel twins can be formed (Fig. 4a). A distance
between the parallel twin boundaries depends on the duration
of the crystal thickening phase before the new twin boundary
is formed (Fig. 4c and 4e). On the other hand, if in the early
stage of growth twin boundaries are nucleated on different
{111} planes of the primary octahedral crystal, cyclic twins can
be formed (Fig. 4b and 4c). Even when the twin boundaries are
formed on neighboring octahedral faces, as in the case of
cyclic twins, such a crystal obeys the same principles as the
simple contact twin; it grows exaggeratedly along both twin
boundaries, resulting in large central crystal covered with thin
platelet crystal domains on both sides of the twin boundaries
(Fig. 4c and 4f). In the late stages of growth the platelet
domains covering the central crystal thicken (Fig. 4b and 4g).

CrysttngComm, 2013, 15, 2640-2647 | 2643
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Fig. 5 Twinning of spinel in MgO-Al,03 ceramics doped with 10 mol% BeO. (a)
TEM image of a MgAl,O4 spinel grain viewed along the [110] zone axis. The
grain contains multiple twin boundaries extending along different sets of {111}
planes. (b) SAED pattern recorded across the twin boundary marked in (a). (c)
HRTEM image of (111) twin boundary from the thin part of MgAl,O, spinel
grain outlined in (a). (d) lllustration of multiply twinned spinel grain as shown in
Fig. 4d and 5a. According to the geometry of an ideal octahedron, twin
boundaries can enclose angles of 70.53° (acute), 109.47° (obtuse) and 180°
(parallel). (e) Structural model of (111) twin boundary with Be** occupying
interfacial tetrahedral sites, according to Daneu et al.* The sequence of kagome
(KAG; % octahedral) and mixed (MIX; v tetrahedral type-l, ¥4 octahedral and
Y4 tetrahedral type-Il) layers is uninterrupted across the twin boundary, whereas
the cubic stacking sequence of close-packed O-layers (ccp) is locally hexagonal
(hep). The grey line in the background of the model indicates the faulted
stacking in the oxygen sub-lattice.

Similar multiple twins have been observed in natural spinel
crystals from Burma and Sri Lanka.”*>?** Any of these basic
types of twins can be further decorated by additional twin
boundaries to form more complex twin clusters (see Fig. 4d
and 5a) in the later stages of growth, as long as BeO is available
for their nucleation.

The spinel sample with the addition of 10 mol% BeO was
further inspected by TEM. We found that also in the interior of
the pellet every spinel grain contains at least one (111) twin
boundary. According to EDS analysis, the chemical composi-
tion of spinel grains corresponds to normal MgAl,O, with the
Mg : Al ratio of 1.00 (+0.012) : 2.00 (+0.022). Quite frequent
are situations, where a single spinel grain contains multiple
twin boundaries, among which most common are pairs of
parallel, obtuse (the incidence angle of 109.47°) and acute
(incidence angle of 70.53°) combinations of twin boundaries.
These angles correspond to the angles enclosed by different
{111} faces of an octahedron, if it is viewed along the [110]
projection. One of such complex twin clusters of spinel is
analyzed in Fig. 5. The width of the twin lamellae in this
sample varies from 50-200 nm. As discussed above, this width
corresponds to the frequency of twinning events during
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growth. Twin boundaries are atomically sharp and only
occasionally they make steps away from the {111} planes.
Selected area electron diffraction (SAED) recorded on one such
boundary viewed along the [110] axis (Fig. 5a), shows a twin
pattern with (111) plane as a mirror plane (Fig. 5b). An
illustration of a multiply twinned grain of spinel, shown in
Fig. 5d, demonstrating the complexity of twinning in BeO-
doped MgAl,O, ceramics. The SEM image of such a twin
cluster, as analyzed here, is shown in Fig. 4d. According to the
structural study of (111) twin boundaries in spinel by Daneu
et al.* the twin operation is 180° rotation about the [111]-axis
with (111) plane as the twin composition plane. Following this
operation, cubic close-packed (ccp) O-sublattice of spinel
locally suffers a hexagonal (hcp) stacking fault. This hcp
stacking is the structural origin of twinning. The authors
suggested that hep stacking might be triggered by incorpora-
tion of Be®" of the interfacial tetrahedral sites (Fig. 5e),
however, by studying natural twins of spinel they were not able
to provide a direct experimental evidence that BeO in fact
causes the twinning. On the other hand, Tabata and Ishii'®
succeeded to synthesize twins of spinel by the addition of
chrysoberyl, however their experiment was inconclusive
whether twinning in natural spinels is caused by Be*" or
Si*". In our study we provided a direct evidence that twinning
in spinel is chemically induced and is not a consequence of an
accidental attachment of crystals, as commonly antici-
pated.>>*3

As demonstrated in other ceramic materials, the formation
of chemically induced planar faults strongly influences the
microstructure development.>® In a similar way, the presence
of Be*" during growth causes twinning of spinel crystals. When
the concentration of BeO in the surroundings is low it can only
form isolated hcp sequences (twin boundaries) during the
growth of spinel. Each such faulted sequence can be sustained
in growth as long as the dopant (BeO) necessary for its
formation is available, and as long as thermodynamic
conditions allow the formation of hcp stacking. The formation
of this Be-rich 2D phase introduces a high internal crystal
anisotropy within the spinel structure. In a race to overgrow
the internal fault, twin domains start to grow exaggeratedly
along the twin plane. Because of the (111) twin boundary
these, otherwise cubic crystals, develop an unusual plate-like
morphology due to rapid growth along the twin composition
plane. As a result, extremely thin, tabular crystals are
developed (see Fig. 3a). Such tabular and other complex
morphologies have been commonly observed in natural twins
of spinel.%** During sintering, spinel crystals in undoped
MgO-Al,O; ceramics develop as isometric grains (see Fig. 2a),
resulting in intrinsically brittle ceramic product. One of the
methods for toughening of ceramics is the addition of plate-
like particles or whiskers into a fine-grained polycrystalline
matrix in order to dissipate energy by deflecting cracks, and
thereby increasing material strength and toughness. In this
view plate-like growth of cubic spinel crystals may be an
interesting phenomenon worth investigating in view of the
material’s microstructural and physical properties."

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Epitaxial overgrowth of taaffeite on {111} faces of spinel. (a) Coherent
overgrowth of BeMgsAlgO44 over the primary octahedral spinel crystals. The
epitaxial layers can be recognized by unusual {100} and {110} faces on
octahedrons that are not typical for spinel. (b) Lamellar epitaxial overgrowth of
disordered BeMgsAlgO4¢ intercalated with a frequently twinned spinel phase.
Three stages of epitaxial overgrowth: (c) the formation of twin boundary or
continuous taaffeite layers on all 8 octahedral faces of spinel, (d) complete
overgrowth of octahedral faces, and (e) multiple parallel twinning of spinel with
topotaxial taaffeite layers.

Epitaxial relationship between spinel and taaffeite

Among complex twinned spinel crystals at the centre of the
sample with 10 mol% addition of BeO we also found thin
lamellar grains of taaffeite. The presence of a minor
BeMg;AlgO,, taaffeite phase was confirmed by XRD. To
investigate the mode of polytype formation in the MgO-
Al,03;-BeO system, we used the T3 sample with the highest
amount of BeMg;AlsO;6 phase, according to our XRD
measurements (Fig. 1). In order to produce a taaffeite lamella
the concentration of BeO must exceed 12.5 mol%. While EDS
analysis of twinned spinel grains shows normal Mg : Al=1: 2
ratio, in taaffeite samples this ratio decreases due to the
presence of Be in the structure. Any depletion of Mg indirectly
shows the amount of Be present in the structure. In this
sample, the average Mg : Al ratio, measured on 17 different
locations, either on taaffeite or spinel grains, was 0.76
(£0.014) : 2.00 (£0.026), indicating that beryllium is incor-
porated into the spinel structure before its actual transforma-
tion to BeMg;AlgO,4 taaffeite. These results are consistent with
the observed reduction of the spinel unit-cell in our XRD data
of T1-T3 samples. Fig. 6 shows the surface of the pellet at two
different locations. The outer rim of the pellet (Fig. 6a) is
dominated by small octahedral crystals epitaxially overgrown
with a thin layer of taaffeite, as confirmed by EDS analysis.
Their size barely exceeds that of an undoped spinel sample
(see Fig. 2a). The crystals have an octahedral form, similar to
that of a pure spinel. The unusual cube {100} and rhombic
dodecahedral {110} faces truncating the corners and edges of
octahedrons result from taaffeite overgrowth. At the centre of
the pellet, however, the crystals are slightly larger (~10 um)
and display an uncommon stepped topography of octahedral
faces (Fig. 6b). This unusual growth could originate from

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Polytypic BeMgsAlgO46 phase (taaffeite) epitaxial on spinel in T3 sample.
(a) HRTEM image of spinel (left) viewed along the [110] zone axis with epitaxial
BeMgsAlgOq6 phase (right). The interface is atomically sharp and contains no
dislocations, whereas taaffeite is almost perfectly periodic with occasional
(0001) stacking faults; FFT transforms from (b) spinel and (c) taaffeite indicates
high structural coherency between the two phases. (d) lllustration of octahedral
spinel crystal with epitaxial taaffeite. (e) Structural model of the spinel-taaffeite
interface reconstructed based on the observed stacking on HRTEM image

(Fig. 4a). The local structure across the hcp closely resembles that of the Be-rich
twin boundary in spinel (Fig. 3e). BeMg3AlgO+6 used in our model is after Moor
etal'®

multiple parallel twinning on every face of the primary
octahedral crystal of spinel. Exaggerated growth along all 8
octahedral planes is soon self-confined and as a result such
crystals cannot exhibit anisotropy in any direction. The only
directions available for growth are those normal to the twin
planes, i.e. primary octahedral faces. Because of the high
concentration of BeO in the sample, every few layers of spinel
that are grown on the surfaces another twin boundary is
formed and occasionally, more or less ordered layers of
taaffeite are deposited topotaxially. Epitaxial overgrowth on
primary spinel crystals is illustrated in Fig. 6¢c-6e.

The sample was further studied by TEM to reveal the
existence of coherent intergrowths of spinel and taaffeite
phases. The structural analysis of epitaxial overgrowth is
illustrated in Fig. 7. The widths of polytype lamellae ranges
from a few layers up to several hundreds of nanometers. The
observed crystallographic relation between MgAl,O, (spinel)
and BeMg;Al;0;¢ (taaffeite) obeys the following orientation
relationship: [110]-{111},,1/[1120]-{0001} (Fig. 4a and illus-
tration in Fig. 7d). The periodicity of taaffeite in our T3 sample
corresponds to the reported BeMg;Al;O,¢ phase."® Fourier
transforms of lattice images from spinel (Fig. 7b) and taaffeite
(Fig. 7c) reveal a high structural coherency, which is the main
prerequisite for a complete topotaxial intergrowth of the two
phases. If we take a look at the hypothetical structural model
of the spinel-taaffeite epitaxy (Fig. 7e), based on the observed
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stacking from experimental HRTEM image (Fig. 7a), it
becomes evident that both structures share a common
O-sublattice (ccp), with intermittent hexagonal (hcp)
sequences, structurally identical to the local stacking observed
on the (111) twin boundaries in spinel (Fig. 5e). Hexagonal
stacking of the O-sublattice due to incorporation of Be was
already anticipated in the first crystallographic characteriza-
tion of taaffeite by Anderson et al.’ The actual similarity
between the (111) twin boundary structure and hcp layers of
the BeMg;AlsO,6 (Moor et al)'® is astonishing: (i) each hcp
fault is accomplished by 180° rotation about the [111] axis, on
any structural site in the O-sublattice,” by this operation the
second set of (222) kagome layers are shifted for the height of
one octahedral layer parallel to the (111) twin boundary by R =
[224], and (ii) Be*" ions in mixed layers exclusively occupy the
interfacial tetrahedral sites, adjacent to the faulted (hcp)
stacking in the O-sublattice, and never those adjacent to
normal (cep) stacking, (iii) whereas AI’** and Mg”* ions occupy
identical sites as in the spinel structure. Other taaffeite-type
structures'>™* do not obey these crystallographic principles
and their structures should probably be reconsidered.

Epitaxial growth of taaffeite phase on spinel in a similar
structural pattern as observed on (111) twin boundaries in
spinel additionally confirms our premise that chemically
induced twinning is nothing but a preparatory stage of
polytypic phase formation.” Except for the BeMg;Al;0;¢ phase
we have not confirmed the presence of any other polytypes
reported to exist in the MgO-Al,0;-BeO system.'® Faulted
stacking in an otherwise perfect BeMg;AlgO;¢6 structure was
observed occasionally. This is mainly due to the specific
processing conditions and other polytypes may be stable at
other temperatures. Because of their relative rarity natural
taaffeites are today exclusively used as precious gemstones.'®
While both end-members, spinel and chrysoberyl, are known
to have a range of applications due to their excellent optical
properties, taaffeite-based ceramics has not yet been utilized
for technological purposes.

Conclusions

We have demonstrated that MgAl,O, spinel, BeAl,O, chryso-
beryl and the intermediate BeMg;AlgO,¢ taaffeite phase can be
successfully synthesized at 1200 °C with the addition of PbF,
flux. Phase composition analyses indicated that under the
applied processing conditions, the only stable ternary phase is
the BeMg;Al;O,6 taaffeite, whereas the other compounds
reported in the literature were not found in our samples.
The addition of already small amounts of BeO to the MgO-
Al,O; ceramic system has a dramatic effect on MgAl,O, grain
growth. It results in the formation of plate-like and complex-
shaped spinel grains, which are a consequence of chemically
induced twinning of MgAl,O,. With an increasing addition of
BeO we observe epitaxial growth of BeMg;AlgO,6 on the
primary grains of MgAl,O,. In our experiments we could
confirm that {111} twinning in spinel is a direct consequence
of BeO addition; low concentrations of BeO lead to simple
contact twinning and bimodal grain size distribution, whereas
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with higher concentrations of BeO more complex twins and
grains of polytypic BeMg;AlzO;¢ taaffeite phase start to form. A
successful attempt to induce twinning in MgAl,O, by the
addition of BeO confirms the hypothesis that twinning is not
caused by accidental coalescence of crystals during growth,
but is induced chemically and can be understood as a
preparatory stage of polytype phase formation in the MgO-
Al,03-BeO system.
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