Available online at www.sciencedirect.com

ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

ELSEVIER

Journal of the European Ceramic Society 28 (2008) 407-423

Topotactic growth of a-alumina platelets on 2/1 mullite single crystal
surfaces upon thermal decomposition of mullite
in dry and wet atmospheres

B. Hildmann*, W. Braue, H. Schneider

German Aerospace Center (DLR), Institute of Materials Research, D-51147 Cologne, Germany
Available online 24 May 2007

Abstract

Annealing experiments of Czochralski-grown 2/1 mullite single crystal coupons, oriented parallel to (100), (010), and (00 1) were performed
in the temperature range 1200-1650 °C for 4-16 h in different atmospheres (dry versus wet air) at normal pressure. Upon thermal decomposition
of the Al,Os-supersaturated 2/1 mullite, metastable in the two-phase region “mullite plus Al,03”, the simultaneous release of alumina and silica
gave rise to nucleation and growth of thin, perfect (00 - 1) a-alumina platelets which were completely wetted by a glassy phase.

The chemical composition of the initially siliceous glassy phase at the mullite surfaces was shifted to a Na—-Mg—Ca bearing alumosilicate
composition via uptake of network modifying cations from external impurity sources (kiln furnace material, alumina reaction tube), independent
of the nature of the atmosphere. It is this modified glassy phase which filled the mullite dissolution paths driven forward by the growing platelets
and provided a build-in flux. Growth faces of a-alumina included only special forms of the trigonal point group 32/m. The habit was very similar
to that of sapphire crystals grown from molten fluxes, in agreement with the Wulff shape of undoped a-alumina.

Three different types of a-alumina platelets could be distinguished including (i) type I platelets parallel, (ii) type II platelets perpendicular, and
(iii) type III platelets inclined to the mullite surfaces. While type I showed on all mullite substrates investigated, type Il platelets did predominantly
occur on (00 1) and were rarely observed on (100) and (0 10) mullite surfaces. Type III platelets were restricted to (100) and (0 1 0) mullite
surfaces. Platelet types II and III were not independent from each other. Furthermore, for each type of platelets the azimuthal rotation around [0 0 - 1]
was restricted to well defined snap-in conditions. A total of 14 symmetrical non-equivalent, topotactic a-alumina/mullite orientation relationships
was derived unambiguously by the combined approach of optical microscopy, X-ray diffraction, and focused-ion-beam assisted transmission
electron microscopy confirming previous solutions as a sub-assembly group. Possible composition planes characteristic of platelet nucleation on
mullite were identified and discussed in terms of coherency of cation sublattices.

Short-term wet annealing of 2/1 mullite at 1650 °C characterized by a low gas flow rate and a water partial pressure of Py,0 = 0.2 Py had no
effect on the general platelet formation processes and the prevalent orientation relationships as the mullite decomposition rate was distinctly higher
than the silica volatilization rate. Topotactic growth of a-alumina (00 - 1) platelets influenced by vapor phase impurity doping has been recognized
as a widespread phenomenon in numerous other high-temperature investigations of 2/1 mullite single crystals.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The widespread use of mullite as both, a traditional
refractory and a modern high-temperature structural ceramic
composite material has encouraged a strong interest in the sta-
bility of mullite microstructures in various high-temperature
environments."»> The stability range of mullite is limited
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by a variety of thermal decomposition reaction schemes in
time—temperature—Po1a1—PH,0 space.3’4 Inadry system, decom-
position of polycrystalline mullite at high temperatures and
low partial oxygen pressures, i.e. in vacuum or reducing atmo-
spheres, is explained by silica volatilization leaving porous
a-alumina aggregates.>

In the present work we compare the decomposition mech-
anism of 2/1 mullite in dry and wet atmospheres and analyze
the crystallography of a-alumina-on-mullite growth on (1 00),
(010), and (00 1) single crystal sections. The underlying mech-
anism relies on the metastable nature of the Al,O3-supersatured
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2/1 mullite bulk composition upon annealing at rather moderate
temperatures (1200-1650 °C) in the two-phase region “mullite
plus a-alumina” of the binary silica-alumina system.” Unlike
mullite decomposition at higher temperatures silica is not lost
via volatilization but retained as a glassy phase quenched from
a melt. The net reaction may formally be described by

2A1,03-Si02(s) — 2A103(s) + SiOa(s) (1)

where s =solid, although it is more complex in fact due to solute
effects in the glassy phase (dissolution of mullite, uptake of
impurities). Apart from platelet nucleation sites on the mullite
lattice, the newly formed o-alumina platelets were completely
wetted by the coexisting glassy phase. The nature of the glassy
phase and its functionality as build-in flux for enhanced platelet
growth has not yet been addressed in the literature and is thor-
oughly discussed here.

Main focus of this work was on the systematics of the dif-
ferent types of a-alumina platelets, their growth habit and the
evaluation of the prevalent a-alumina/mullite orientation rela-
tionships. These were determined via the combined approach of
optical microscopy (OM), scanning electron microscopy (SEM),
X-ray diffraction (XRD), and focused-ion-beam (FIB) assisted
transmission electron microscopy (TEM).

Alpha-alumina and mullite feature an intriguing number
of lattice planes with close-matching d-spacings which reflect
structural similarities and immediately suggest some sort of
topotactic relationship. For most fine-grained alumina-mullite
microstructures however, validation of the three-dimensional
orientational and structural resemblance between constituents
which Bernal and Mackay'® considered the precondition for
topotaxy may be experimentally impeded'! thus favoring the
use of single crystal over polycrystalline materials.

Mullite, Alx[Alz424-Siz—24]O10—x, comprises an oxygen-
deficient orthorhombic structure (oxygen vacancies x with
0.17<x<0.50) covering a solid solution range between stoi-
chiometric 3/2 mullite (3A1,03-2Si0;, x=0.25) and 2/1 mullite
(2A1,03-1Si107, x=0.40). The average mullite structure is
described by edge-sharing AlOg octahedral chains extending
parallel to the crystallographic c-axis. The octahedral chains are
cross-linked by (Al,Si)Oy4 tetrahedral double chains.'>~'* Alpha-
alumina is rationalized as stacked hcp-type oxygen layers with
the AI** cations occupying 2/3 of the octahedral interstices.

Previous work on a-alumina/mullite orientation relationships
was derived from zero-layer Weissenberg patterns collected (i)
during in-situ decomposition of mullite at 1750 °C'® and (ii)
from a two phase a-alumina/mullite assemblage solidified from
an eutectic melt.!” In both studies, the specimens were exposed
to dry air. Recently orientation relationships derived via elec-
tron backscattered diffraction (EBSD) were reported from wet
annealed (00 1) and (0 1 0) 2/1 mullite single crystal sections.!8
In the present work an extensive data set of a-alumina/mullite
orientation relationships will be presented including previous
work as a sub-assembly group.

An important issue of the present study concerns the
effects of a wet gas atmosphere under low flow rate condi-
tions on both, platelet microstructure and a-alumina-on-mullite

orientation relationships as compared to dry annealing exper-
iments. High-temperature corrosion in HyO-rich combustion
atmospheres defines a major concern for implementation of all-
oxide ceramic composite materials as a structural material for
combustion chambers of stationary gas turbines or future jet
engines.”

The corrosive effects of high water vapor pressures were
studied for a variety of polycrystalline mullite?®?? and single-
crystal mullite materials.'8242> The corrosion mechanism of
polycrystalline 3/2 mullite in a wet atmosphere is attributed to
the formation of Si- and Al-hydroxides with Si(OH)4 as the
dominant volatile species following the simplified net reaction:

3A1,03-2510,(s) + 4H,0(g) — 3Al03(s) + 2Si(OH)4(g)
(2)

where s =solid, g = gaseous.

The formation of a non-protective, porous alumina layer at
the mullite surface is consistent with the linear corrosion kinet-
ics of polycrystalline mullite reported by Fritsch.?? Previous
research?®-23 stated that within the average duration of the wet
corrosion experiments (~100h in the 1300-1500 °C tempera-
ture regime) and at high gas velocities, complete loss of silica
via Si(OH)4 evaporation was achieved. It is tempting to extrap-
olate the basic corrosion concept and the data body from the 3/2
to the single crystal 2/1 mullite system. Therefore, the validity
of Eq. (2) as the prevalent hot corrosion mechanism for single
crystal 2/1 mullite is carefully scrutinized in this study.

2. Experimental procedures
2.1. Single crystal 2/1 mullite starting material

2/1-mullite single crystals employed in this study comprise
a chemical composition of 76.7 wt% Al>,O3 and 23.3 wt% SiO,
corresponding to x=0.385 in the general structural formula
Alp[Alpy2,-Sin_2,]010—y. The crystals were Czochralski-grown
following the original procedure developed by Guse and
Mateika®%7 and furnished by the Institute of Crystal Growth
(IKZ) Berlin, Germany (courtesy Drs. P. Reiche and S. Uecker).
According to the inductively coupled plasma-optical emission
spectroscopy (ICP-OES) analysis*® as-grown 2/1 mullite did
not reveal any impurities relevant for this study (below 20 ppm
level).

2.2. Mullite surface preparation

As-grown mullite crystals were mounted on goniometer
heads to enable precise crystal orientation alignment via high
resolution X-ray diffraction methods (HRXRD). Mullite disks of
1 mm thickness and 10 mm diameter oriented parallel to the crys-
tallographic (1 00), (0 1 0), and (00 1) planes, respectively, were
then cut from the aligned, as-grown crystals using an abrasive
diamond bladed saw (Accutom-5 with goniometer head holder,
Struers, Germany).

The standard polishing procedure employed include pol-
ishing to optical quality using (i) 3 wm diamond spray
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(Technischer Bedarf Hinkeldey, Germany) and in the final
stages (ii) colloidal silica-based suspensions OP-S 0.04 pm
(Struers, Germany) as well as FINAL 0.1 pwm (Biihler, Ger-
many). The surfaces were then ultrasonically cleaned in
isopropyl. All specimens were gem-quality optically clear
and devoid of secondary phases or pores. The estimated
residual roughness was less than 1 micron. The final orien-
tation of the mullite surfaces were individually confirmed by
HRXRD. Residual orientation deviations from (100), (01 0),
and (001) planes were generally smaller than 0.2°, respec-
tively.

2.3. Annealing conditions

Dry annealing experiments of oriented (100), (010), and
(00 1) 2/1 mullite sections were performed at 1400 °C/4h—16h
in air at normal pressure. Standard exposure time was 4h.
Heating and cooling rates were 20 °C/min. All annealing exper-
iments were performed in the same chamber kiln (model FHT
175/12 supplied by Agni Inc., Aachen, Germany) equipped
with MoSi, heating elements and 50% mullite/50% o-alumina
furnace bricks for kiln insulation. In separate experiments,
mullite slices were positioned either on a commercial, technical-
grade a-alumina type kiln furniture or gem-quality sapphire or
wrapped in Pt-foils or placed inside a Pt-crucible.

A series of wet annealing experiments were performed with
(0 10) mullite sections at 1650 °C/8h, in an O/H>0O-gas mix-
ture (80/20) at 100 kPa total gas pressure (courtesy S. Shimada,
Hokkaido University, Sapporo, Japan) in an alumina crucible
fixed within an alumina reaction tube. The specimens were sup-
ported by thin alumina rods. Wet annealing was performed at
low flow rate conditions (200 ml/min). The gas velocity was
estimated as 3 cm/s which is typical for thermogravimetry under
wet conditions.?’

2.4. Microstructural characterization of mullite/a-alumina
orientationships

The surfaces of the heat treated mullite single crystals were
analyzed by OM, SEM, XRD, and FIB-assisted TEM. An optical
microscope (Aristomet, Leitz Inc., Wetzlar, Germany) was used,
and the samples were analyzed both in reflected and transmitted,
polarized white light. X-ray analyses were performed by stan-
dard and high resolution X-ray diffraction methods (D5000 and
D5000HR, Siemens, Germany) in order to determine orienta-
tions of the mullite specimens and the newly formed a-alumina
platelets.

Table 1

A scanning electron microscope (LEO Gemini 982, Zeiss
Inc., Oberkochen, Germany) equipped with a windowless EDS
(Oxford Instruments Inc., Wiesbaden) system was employed for
routine microstructural analysis of a-alumina-on-mullite inter-
growth.

Thin TEM lamellae of selected a-alumina platelets grown on
mullite surfaces were prepared via focused ion beam (FIB) in
a single-source FIB (model Strata 205, FEI Inc., Eindhoven,
The Netherlands) applying the lift-out technique. A 300kV
TEM/STEM transmission electron microscope (Tecnai F30, FEI
Inc., instruments, Eindhoven, The Netherlands) was employed
in this study. Selected area diffraction (SAD) patterns were
collected across alumina/mullite interfaces tilted to common
low-index zone axes. Energy-dispersive (EDS) spectra collected
from glassy phases in FIB-derived TEM specimens may exhibit
a peak overlap between the Ga Ko and the Na Ka peaks. How-
ever, sodium was independently confirmed as a glassy phase
constituent via microanalysis of other specimens in a SEM.

2.5. Crystallographic data for analysis of
a-alumina/mullite orientation relationships

2/1 mullite crystallizes in space group Pbam (55) with
lattice parameters a=0.75823(6) nm, 5=0.76819(5)nm and
¢c=0.28865(2)nm for the composition of 76.7wt% Al,O3
and 233wt% Si0,.3 Alpha-alumina crystallizes in the
trigonal space group R3c (167) with lattice parameters
a=0.47587(1)nm and ¢ =1.29929(3) nm (JCPDS card No. 46-
1212). The three-axis, three-index notation®' was applied for
hexagonal a-alumina (Miller indices). Nevertheless, for the ben-
efit of immediate distinction between the a-alumina and mullite
indices, we formally introduced the dot symbol for planes (h k - I)
and directions [ v - w] in a-alumina.

Alpha-alumina/mullite orientation relationships were given
by pairs of parallel planes (hk-[)//(hkl) and directions [u v -
w]//lu vw] with directions lying within the planes. The
CARIne Crystallography 3.1 software (http://pros.orange.
fr/carine.crystallography/index.html) was employed for visual-
izing the structural constraints of a-alumina/mullite orientation
relationships.

3. Results

3.1. The microstructure of a-alumina-on-mullite
intergrowth

Upon the standard annealing procedure at 7' < 1400°C/4 h
the formerly smooth mullites surfaces (1 00), (010),and (00 1)

Type L, II, and III (00 - 1) a-alumina platelets grown topotactically on (100), (010), and (00 1) mullite surfaces, respectively, as compiled from OM, XRD, and

TEM observations

Mullite surface (h k1) Type I platelets (00 - 1) Type II platelets (00 - 1) a-alumina Type III platelets (00 - 1) a-alumina
a-alumina parallel to (h k1) perpendicular to (h k1) inclined to (h k1)

©01) Frequently observed Frequently observed Very rarely observed

010) Frequently observed Rarely observed Frequently observed

(100) Frequently observed Rarely observed Frequently observed
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Fig. 1. (a) Typical microstructure of a-alumina-on-mullite intergrowth upon
annealing of 2/1 mullite at 1400 °C/4h (optical micrograph). (b) Type I a-
alumina platelet grown on a single crystal (0 0 1) mullite surface (SE image). The
platelet is completely wetted by a glassy phase and characterized by truncated
pinacoidal faces ¢ {00- 1} and rhombohedral faces r {01-2}.

were covered by numerous small hexagonal a-alumina (00- 1)
platelets (Fig. 1a). Typically the diameter of the platelets was on
the order of 30 wm with a thickness of approximately 0.5 wm.
Depending on the mullite substrate (Table 1) three different
platelet types were identified including (i) the type I platelet
oriented parallel to the mullite surfaces, (ii) the type II platelet
oriented perpendicular, and (iii) the type III platelet inclined to
the mullite surfaces. While type I did occur on all three mul-
lite substrates investigated, type II platelets were predominantly
observed on (00 1), but rarely on (0 1 0) and (1 0 0) mullite sur-
faces. Type III platelets were restricted to (010) and (100)
mullite surfaces.

The growth faces of the a-alumina platelets corresponded
to special forms of the trigonal point group 32/m dominated
by the basic pinacoid ¢ {00-1}, see Fig. 1b. These large
faces exhibited numerous growth steps. The other growth faces
consisted of the first or second order rhombohedral faces r
{h0-1} ord {0 h- I} or the hexagonal bipyramid facesp {h h - [}.
No macroscopic hexagonal prisms, neither the m {10-0} nor
the a {11-0} faces were observed. Close examination of the
platelets showed that each primary platelet was completely sur-
rounded by a thin layer of a glassy phase except for multiple
overgrown platelets after annealing experiments exceeding the
standard soaking time of 4h. The growing platelets enforced
the formation of narrow mullite dissolution paths filled with

glassy phase which extended deeply into the bulk crystal.
These microstructural features are discussed here for the first
time.

3.1.1. Type I a-alumina platelets

FIB assisted TEM of type I platelet on (0 0 1) mullite (Fig. 2a)
revealed the shallow pool of a Na—-Mg—Ca bearing alumosili-
cate glassy phase (see Section 3.3) separating the platelet from
the mullite substrate. The platelet was tilted to a [10- 0] zone
axis orientation, mullite orientation was close to B = [110].
The platelet morphology is defined by pinacoid ¢ {00- 1} and
rhombohedral r {01 -2} faces lacking the macroscopic hexag-
onal prism face. The composite SAD pattern (Fig. 2b) revealed
mutual directions [00-1]//[00 1] and [1 2 -0]//[1 10]. It should
be noted that the reciprocal lattice vectors 03 - 0 and 44 0 were
parallel, matching in d-spacings within 2% (dy 3., = 0.1374nm
versus djzo = 0.1346 nm). Their role with respect to mutual
composition planes is discussed in Section 4.

The low-magnification microstructure of a type I a-alumina
platelet on (0 1 0) mullite is shown in Fig. 3a—e. Contrary to the
other mullite specimens annealed in dry furnace atmosphere this

(b)

Fig. 2. (a) FIB lamellae displaying a type I (00-1) a-alumina platelet
(B=[10-0]) grown on a (001) mullite surface (TEM, bright field (BF)).
Platelet morphology is defined by pinacoidal ¢ and rhombohedral r faces. (b)
Composite SAD pattern of type I a-alumina platelet (B=[10-0]) on (001)
mullite (B = [11 - 0]), printed in inverse contrast. Mutual directions include
[00-11/[001]and [12-0]/[110].Note perfectmatchof 03 - 0and4 4 O recip-
rocal lattice vectors, a-alumina/mullite reflections highlighted by white/black
circles, respectively.
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Fig. 3. (a) Formation of a type I a-alumina platelet on (0 1 0) mullite followed by epitaxial growth of a secondary mullite [00 1] rod on the a-alumina platelet (wet
annealing, SE image, plane view). FIB section AB is displayed in subpart (b). (b) FIB section revealing type I a-alumina platelet on (0 1 0) mullite (TEM, BF) upon wet
annealing. Platelet morphology is defined by pinaocoidal ¢ {00 - 1} and rhombohedral r {0 1 - 2} faces. Note cusp formation (marked by arrows) at the mullite/glass
interface due to local dissolution of mullite. For close-ups on regions A and B see subparts (d) and (e). (c) Composite SAD pattern of type I a-alumina platelet
(B=[11-0]) on (010) mullite (B=[001]) taken from region A. Mutual directions include [00- 1]/[0 10] and [1 1-0]/[100], a-alumina/mullite reflections
highlighted by white/black circles, respectively. (d) De-wetting along a thin surface connected glass layer adjacent to type I a-alumina platelet. Note that the glassy
phase underneath the platelet is left unaffected by wet corrosion (TEM, BF). (e) Secondary mullite [0 0 1] rod grown on top of a type I a-alumina platelet (TEM, BF).

(01 0) substrate was annealed at 1650 °C/8 h under moderate wet
conditions. The high water vapor partial pressure imposed corro-
sive damage on the alumosilicate glassy phase, but had no further
effect on platelet formation and mutual a-alumina/mullite ori-
entation relationships, as discussed in Section 3.4 and shown
in Fig. 3d and e. Platelet orientation in Fig. 3b is parallel to

[11 - 0] identifying the rhombohedral face r (01 -2) as the ter-
minating face. Mullite orientation was exactly parallel to [00 1]
(cf. Fig. 3b and c). Upon the 8 h mullite annealing experiment
local dissolution of the mullite surface was still effective giving
rise to cusp formation (highlighted by arrows in Fig. 3b) along
the mullite/glass interface.
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Fig. 4. Composite SAD pattern of type I a-alumina platelet (B =[11 - 0])
grown on a (100) mullite substrate (B=[00 1]). Mutual directions include
[00-1]//{100] and [1 1-0]//[0 1 0], a-alumina/mullite reflections are highlighted
by white/black circles, respectively.

The composite SAD pattern shown in Fig. 3c was col-
lected from region A in Fig. 3b. With the zone axes orientation
[11-01//[001] it revealed two more pairs of mutual direc-
tions: [00-1]/[010], [11-0]//[100]. Interestingly, the type I
a-alumina platelet itself (Fig. 3b and e) served as a convenient
nucleation site for a secondary mullite [00 1] rod. Reprecip-
itation of mullite on a type I a-alumina platelet from the
vapor phase is interpreted as indirect evidence that our wet
annealing experiment was indeed following local steady-state
conditions.

The composite SAD pattern of a type I a-alumina platelet
on (100) mullite is displayed in Fig. 4 indicating mutual
directions [00-1]/[100], [11-0]/[010] and the zone axes
[11-01/[001].

3.1.2. Type Il a-alumina platelets

The microstructure of a type II a-alumina platelet on (00 1)
mullite is displayed in Fig. 5a—d. The platelet nucleated at the
surface and grew about six microns into the bulk mullite crystal.
The platelet was tilted parallel to [1 0-0] while mullite was close
to [110]. The terminating face at the upper end of the a-alumina
platelet was nearly invisible due to sputter effects from the Pt
overlay strip, but the significance of the rhombohedron r (0 1-2)
as a growth face at the bottom part of the platelet was obvious
from Fig. 5c. The central part of the composite SAD pattern is
shown in Fig. 5d. Analysis of the full composite SAD pattern
yielded (00-1)//(110) with [10-0]//[110].

The type Il a-alumina platelet grown perpendicular on (0 1 0)
mullite were rarely observed. One example is shown in Fig. 6a
(plane view) and Fig. 6b (cross section). The platelet was sand-
wiched by amorphous layers of the same chemical composition
as discussed above. Here, the hexagonal bipyramid p (1 1-3) was
the terminating face of the platelet which was in fact approxi-
mated by steps of small hexagonal bipyramids faces (22-3) and

(22-9). Zone axis orientation was B = [11 - 0]. As the type II
configuration was achieved by a 90° rotation of the type I a-
alumina platelet, (1 1-0) was now parallel with (0 1 0) mullite
in the SAD pattern (Fig. 6¢). Note that the hexagonal prism a
{11-0} was not developed as macroscopic growth form. Three
pairs of mutual directions could be identified: [1 1-0]//[0 1 0],
[00-11//[100], and the zone axes [1 1-0]/[001].

3.1.3. Type Il a-alumina platelets

The type III platelet on (0 1 0) mullite, displayed in Fig. 7a,
was tilted by an angle of 72° with respect to the (010) mul-
lite surface. Except for this tilting angle type III platelets held
the same characteristics as type I and II platelets in terms of
platelet morphology and composition of the embedding amor-
phous phase. By coincidence the FIB section unfolded a possible
a-alumina nucleation site (region A, Fig. 7a) close to the mul-
lite surface where mullite and a-alumina were directly bonded in
the early stages of a-alumina nucleation, devoid of an interfacial
amorphous layer. The macroscopic hexagonal bipyramid face p
(22-3) was close to being level with the (0 1 0) mullite plane, in
agreement with the X-ray diffraction data (Table 2). The com-
posite SAD pattern collected from region A (Fig. 7b) revealed
again three pairs of mutual directions including [0 O- 11/[310],
[11-0]//[130] and the zone axis [11-0]/[00 1]. With mutual
lattice planes 1 1-0//1 3 0 a reasonably good match was achieved
(d11.0=0.238 nm versus dj 39 =0.2427 nm).

3.2. Topotactic orientation relationships of (00-1)
a-alumina platelets on (100), (010), and (00 1) mullite
surfaces

This paragraph comprises the synopsis of structural data
derived from OM and XRD with the TEM data discussed in
the previous section which all merge in the prevalent orientation
relationships as listed in Table 2. OM and XRD investigations
were essential to this study as they assured access to a large
number of a-alumina platelets.

3.2.1. Type I a-alumina platelets

Analyzing the (100), (010), and (00 1) mullite disks in
transmitted, polarized, white light, the orientation of the -
alumina platelets parallel to the surface became evident. Upon
rotation under crossed nicols the extinction positions were
exclusively determined by mullite because the platelets were
optically isotrop when viewed parallel to their c-axes. The glassy
phase had no effect on the extinction behaviour of the mullite
substrate. No stress birefringence was observed in mullite at
platelet—mullite interfaces.

As an important result of this study, the azimutual rotation
of type I a-alumina platelets around [00-1] was not arbitrary
but restricted to unique “snap-in conditions” defined by spe-
cific mullite directions in the substrate surfaces being parallel
to the aj-axes, as shown in Fig. 8a. For the (001) mullite
substrate these included [100], [010], [110], [110], [130],
[130], [310], [310] (i.e. eight orientation states of which
five are symmetrical non-equivalent) while on the (1 00) and
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Fig. 5. (a) FIB section across a type II (00- 1) a-alumina platelet grown on the (00 1) mullite surface (TEM, BF). Platelet growth direction is indicated by arrow.
See (b) and (c) for details from regions A and B, respectively. (b) Close-up of the near-surface region A of type II a-alumina platelet in (a). (c) Close up of region B
in (a) revealing the bottom part of the type II a-alumina platelet in [1 0-0] zone axis orientation while still embedded in amorphous phase (TEM, BF). Terminating
faces include pinacoidal ¢ and rhombohedral r faces. (d) Composite SAD pattern of type II a-alumina platelet (a—c, B=[10-0]) on (00 1) mullite. Mullite is close to
the [1 1 0] zone axis orientation, a-alumina/mullite reflections highlighted by white/black circles, respectively.

(010) mullite sections the [010], [001] and [100], [001]
directions were observed (i.e. a total two orientation states),
respectively.

For optical microscopy the hexagonal axes a; and ap were
assumed to be oriented parallel to the morphological edges of
the a-alumina platelets. This first choice of axes corresponds
to a platelet morphology characterized by rhombohedral faces
r {h0-1} truncated by the dominating pinacoidal faces {00-1}.
It is obvious from a-alumina symmetry that for those platelets
exhibiting truncated hexagonal bipyramidal faces p {h h-I} the
hexagonal axes a; and ap are perpendicular to the morpho-
logical edges. As the platelets were extremely thin, it was not
possible via optical microscopy to discriminate unambiguously
between terminating rhombohedral and bipyramidal faces and
thus, to assign the correct choice of axes aj, a» to the individ-
ual type I platelets. The two alternative orientations are related

to each other by 90° (or 30°) rotations corresponding to the
second and third non-equivalent symmetry direction in the trigo-
nal/hexagonal system. Since all orientation states observed could
be arranged in individual pairs with their axes related by 90°
rotation (Fig. 8a), the choice of axes had no consequence on the
orientation relationships, as both options yield symmetry equiv-
alent results. Therefore, the orientation relationships listed in
Table 2 are independent of the choice of axes.

Two different orientation states A und B of o-alumina
platelets could be distinguished for a (100) mullite substrate
(Fig. 8b) with the a;-axis being either parallel to [00 1] (case
A) or [010] (case B) of mullite. The corresponding orienta-
tion relationships comprised (i) case A: [10-0]/[00 1] with
(00-1)//(100) and (ii) case B: [1 0-0]//[0 1 0] with (0 0-1)//(1 0 0)
which is in perfect agreement with the early XRD data by Guse
and Saalfeld.!”
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Table 2

Topotactic orientation relationships of (00-1) a-alumina platelets on mullite as derived from optical microscopy, X-ray diftraction, and electron microscopy from

this study and previous work!¢-18

Orientation relationships (this work)

Data source (this work)

Previous work

(00-1)[|(100) plus [10-0]|[[001]

(00-1){(100) plus [10-01({010]
(00-1)]/(100) plus [1 1-0]]|[0 1 0] *
(00-1)[/(100) plus [1 1-01]|[0 1 0] *

(00-1)[|(010) plus [10-0]/|[001]

(00-1){/(010) plus [01-0]([100]
(00-1)[](0 1 0) plus [1 1-0]|[100] *

(00-1)[(001) plus [10-0]||[100]
(00-1)[/(001) plus [10-0]||[010]

(00-1)[|(00 1) plus [10-0]||[110]
(00-1)]|(00 1) plus [0 1-0]]|[1 10] *

(00-1)[|(00 1) plus [10-0]||[130]
(00-1)[|(00 1) plus [10-0]||[310]

(00-1)]/(110) plus [1 T - 0]/|[00 1] and/or [0 1.0]|[00 1] &
(00-1)]|(1 10) plus [12-0]]][00 1] *

(00-1){/(130) plus [1 T - 0]/|[00 1] and/or [0 1.0]|[00 1] A
(00-1)]/(130) plus [T 1-0]]|[001] *

(00-1)[|(310) plus [1 I - 0]/][001] and/or [0 1-0]|[[001] A
(00-1)](310) plus [11-0]]][001] *

(00-1)[/(230) plus [1 T - 0](|[00 1] and/or [0 1-0]|[00 1] A
(00-1){/(320) plus [1 T - 0](|[00 1] and/or [0 1.0]|[00 1] A

Type I on (100) OM & XRD (00-1)[|(100) plus [10-0]/|[001]'7
Type Ion (100) OM & XRD (00-1)||(100) plus [10-0]|/[010]"
Type I on (100) TEM

Type Il on (0 10) TEM

Type Ion (010) OM & XRD (00-1)||(010) plus [10-0]/[[001]'8
Type I on (010) OM & XRD (00-1)[|(010) plus [01-0]|[100]'8
Type Ion (010) TEM

Type Ton (00 1) OM & XRD

Type Ton (00 1) OM & XRD

TypeIon (001) OM & XRD
Type Ion (001) TEM

Type Ion (001) OM & XRD
Type Ion (001) OM & XRD

Type Il on (00 1) OM & XRD
Type Il on (00 1) TEM

Type Il on (00 1) OM & XRD
Type Il on (1 00) TEM

Type Il on (00 1) OM & XRD
Type Il on (0 1 0) TEM

Type Il on (00 1) OM & XRD
Type Il on (00 1) OM & XRD

(00-1)|[/(110) plus [11-0](|[001]'®
(00-1)[/(130) plus [11-0](|[001]'®

(00-1)[((310) plus [11-0](|[001]'®

*: symmety equivalent relations to the bold notations (preferred).

A: additional, symmetry independent orientation relationships deduced from XRD observations, however, not confirmed by TEM.

For type I platelets on all mullite substrates, the XRD reflec-
tions 00-6 and 0 0-1 2 were recorded with the highest intensities
of all corundum reflections, although at randomly oriented pow-
der samples these are very weak. Thus, standard XRD clearly
proved that the (0 0-1) planes of the platelets are oriented parallel
to the (100), (010), and (00 1) mullite surfaces, in agreement
with Table 1.

3.2.2. Type Il a-alumina platelets

Orientations involving type II platelets were easily accessed
by optical microscopy. For a mullite disk rotated into the
extinction position the platelets appeared as bright stripes in
transmitted polarized white light since their optical axes are
oriented perpendicular to the viewing direction. As for type I
platelets the glassy phase sandwiching type II platelets did not
affect mullite extinction. Most important, no stress birefringence
was observed at the mullite/glass interfaces caused by type II
platelets.

In Fig. 8c type II platelet orientations on (00 1) mullite
were determined via trace analysis by achieving a close match
between the calculated and observed mutual angles between
low-index tautozonal (% k 0) mullite planes. The analysis yielded
(00-1) being parallel to {110}, {130}, {310}, {230} and
{320} mullite planes, in agreement with the TEM results,
see Section 3.1.2. These orientation relationships represent five
symmetrical non-equivalent orientation states.

The optical findings were corroborated by the XRD data.
At (00 1) mullite surfaces, reflections of type £ 0-0 and £ k-0
occurred almost exclusively, i.e. 11-0, 30-0, 22-0 and 33-0
were very strong. Except for traces of the reflections 11-3
and 11-6 all other a-alumina reflections were absent includ-
ing the reflection 4 1-0. Consequently, these a-alumina platelets
were predominantly oriented perpendicular to (00 1) of mullite,
and, furthermore, their (10-0) and (1 1-0) planes were paral-
lel to (001), i.e. in terms of directions [11-0]/[001] and
[01-0]//][00 1], respectively. As XRD did not allow an unam-
biguous correlation between (00-1)//(hk0) and either one of
these pairs of directions, both options were listed in Table 2 in
bold and with the diamond symbol (A), respectively. In con-
trast, at (1 00) and (0 1 0) mullite surfaces, reflections of type
h0-0 and h h-0 were absent or negligibly small. Consequently at
these surfaces type II platelets occurred very rarely or even not
at all, in agreement with Table 1.

3.2.3. Type Il a-alumina platelets

Due to their inclined nature type III platelets could not
be discriminated positively from type II platelets via optical
microscopy. Therefore, they were characterized by XRD supple-
mentary to the FIB assisted TEM discussed in Section 3.2. With
the Bragg-Brentano geometry, reflecting planes must be parallel
to the mullite surface within the vertical divergence (<5°) of the
X-ray beam.
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Fig. 6. (a) Plane view of a type II a-alumina platelet grown on a (0 1 0) mullite
substrate (SE image, wet annealing). See (b) for corresponding FIB section. (b)
FIB section across a type 1I a-alumina platelets on a (0 1 0) mullite substrate
(TEM, BF). Note corrosive attack of the alumosilicate glassy phase (denoted
“g”) during annealing of (0 1 0) mullite under wet conditions. Terminating faces
include pinacoidal ¢ and hexagonal bipyramidal p faces. (c) Composite SAD
pattern of type II a-alumina platelet (B = [11 - 0]) grown on (0 10) mullite
(B=[001]). Mutual directions include [11-0]//[0 10] and [00-1]/[100], a-
alumina/mullite reflections are highlighted by white/black circles, respectively.

At (100) and (01 0) mullite surfaces reflections of the type
hhl and h0-1 with [#0 were recorded very strong, i.e. the
reflections 11-3, 22-6, 11-6, 20-2, 12-5, and 10-4. All other
reflections were absent or negligibly small. The inclination
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Fig. 7. (a) FIB section across a type III a-alumina platelet tilted by an angle
of approximately 72° with respect to (010) mullite surface (wet annealing,
TEM, BF). Region A defines a possible a-alumina nucleation site on mullite
close to the surface. Platelet is bound by pinacoidal ¢ and hexagonal bipyra-
midal p faces. (b) Composite SAD pattern of type III a-alumina platelet (B =
[11-0]) on(010)mullite (B=[00 1]). Mutual directions include [0 0-1]/[3 1 0]
and [11-0]/[130]. Note perfect match of (11-0) and (130) reciprocal lat-
tice vectors, a-alumina/mullite reflections highlighted by white/black circles,
respectively.

angles of these strongly reflecting a-alumina planes with respect
to the (00-1) plane were found to be consistent with the angles
observed between the tautozonal mullite planes (13 0), (310),
(110), (230), and (320) — which were parallel to the (00-1)
plane of a type II platelet — and the (0 10) and (1 00) mullite
surfaces, respectively. Consequently, any extension of type II
platelets on (0 0 1) mullite would intersect the (0 1 0) and (1 00)
mullite surfaces at oblique angles where they would show as
type III platelets.

This is illustrated in Fig. 8d confirming that the type III
platelet from Fig. 7a tilted ~72° with respect to (0 10) mul-
lite is consistent with a type II platelet on (00 1) mullite with
(00-1)//(310). Thus, orientation variants derived from type III



416 B. Hildmann et al. / Journal of the European Ceramic Society 28 (2008) 407423

@ fc oo (100)] ®

@ [010]
c (010) (001) . b
[100]@ e [010]

[001]

ORC
[310]

[370].
a @ @[1 30]

type Haté,le_ts

@

i 7 v
\ : trace (110)
trace (510)

trace (110)

o

i{
i

" trace (130)
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alumina platelets with the a-axis being parallel to low-index directions [u v w]

on the (100), (0 10), and (00 1) mullite surfaces (“snap-in conditions”). Symbols A to E denote the different orientation states of the platelets, pairs C-C*,D-D*, and
E-E" are interrelated through the mirror symmetry in mullite. On all three mullite surfaces the platelets form pairs with their a;-axes mutually perpendicular to each

other. On (00 1) these pairs were arranged horizontally in the drawing. (b) Type I (0

0-1) a-alumina platelets grown on a (1 0 0) mullite surface (optical micrograph,

reflection mode). Two different orientation relationships with the a-alumina a;-axis being parallel to either the mullite [00 1] (case A) or [0 1 0] direction (case B)
are displayed. (c) Mullite (00 1) surface holding both, type I and II (00-1) a-alumina platelets (optical micrograph, transmission mode, crossed polars). Alignment
of the (0 0-1) plane from edge-on type II a-alumina platelets with respect to the mullite planes (highlighted by white lines) has been derived from trace analysis. (d)
Schematic of Fig. 7a showing that type III a-alumina platelets on (1 00) and (0 1 0) planes can be rationalized via simple extension of type II a-alumina platelets
on (001). Inset highlights the significance of lattice planes (h k-[) oriented nearly parallel to the substrate surface for satisfying reflection conditions in the XRD

goniometer with Bragg-Brentano geometry.

platelets have to be consistent with those observed for type II
on the other mullite surfaces. The very rare occurrence of type
II a-alumina platelets on (00 1) mullite (Table 1) is a direct
consequence of the sporadic appearance of type II platelets on
(0 10) and (1 00) mullite, respectively.

Table 2 summarizes the complete set of topotactial a-alumina
on mullite orientation relationships as derived from OM, XRD,
SEM, and TEM data of this study as compared to previous
work. %18 The literature data were transferred to our orientation
relationship notation. In our work the nature of the atmosphere
was found to have no effect on a-alumina/mullite orientation
relationships. This finding is corroborated by the fact that our
data body comprised the published orientation relationships
derived from both, dry and wet annealing as a subassembly
group. For each individual solution the data source and the cor-
responding characterization technique are given. Note that type
III platelets were not listed in Table 2 as independent orientation
relationships because type Il and III are correlated to each other.
Orientation relationships are given in the conventional nota-
tion (hk-D)//(hkl) plus [u v - w]//[u vw] with directions lying

in the corresponding planes. The bold notations of the orienta-
tion relationships are preferred. Asterisks (*) indicate symmetric
equivalent relations to the bold notations. Solutions highlighted
by diamond symbols (A) are additional, independent orientation
relationships deduced from XRD observations, however, with-
out confirmation by TEM. They have to be considered due to
an orientation ambiguity in the integral XRD pattern of type
II platelets (see Section 3.2.2). These five relations were not
included in the total of 14 symmetrical non-equivalent orienta-
tion relationships of a-alumina platelets on mullite.

3.3. The effects of external impurity sources on the
composition of the glassy phase embedding the «-alumina
platelets

Small probe microanalysis of the glassy phase revealed an
alumosilicate composition of 87.5 wt% SiO», 12.5 wt% Al,O3
(normalized average), with minor amounts of sodium, mag-
nesium and calcium totalling approximately 5 wt%. Sodium
concentrations exceeded those of magnesium and calcium. It
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should be noted that within small deviations the same nomi-
nal glass composition was obtained from all mullite substrates
investigated. Thus, the initially silica-rich glassy phase acted
as a preferred sink for impurities during annealing of 2/1 mul-
lite.

It has been a crucial issue of this research to identify the
possible impurity sources affecting the glassy phase. Intrin-
sic impurity sources could be ruled out, as the sodium content
of as-grown 2/1 mullite crystals was far below the detection
limit of ICP-OES analysis. Obviously impurities were related
to external impurity sources. Polishing agents were ruled out
likewise as annealing experiments with very clean ion-etched
mullite surfaces showed no effect on the bulk composition
of the glassy phase in comparison with the standard polished
and ultrasonic-cleaned mullite surfaces. Impurity sources were
therefore limited to (i) the kiln furniture material and the refrac-
tories utilized for furnace wall isolation (dry annealing) and (ii)
alumina sample holder tubes (wet annealing).

Notably mullite surfaces facing upward to the furnace atmo-
sphere during annealing behaved differently as compared to
those facing downward to the kiln furniture material. Similar
top/bottom effects were confirmed in a large variety of dedicated
annealing experiments performed within the same furnace. Our
findings can be summarized as follows:

e «a-alumina nucleation was observed after a first 1400 °C/4 h
annealing experiment only for bottom mullite surfaces lying
more or less flat on the a-alumina kiln furniture. Full contact
with the kiln furniture material was not required, a small gap
between constituents was sufficient indicating that impurity
transport was achieved via the vapor phase. A high density
of a-alumina platelets was formed in close contact with the
kiln furniture whereas at some distance platelets with high
crystalline perfection were formed.

e No a-alumina formation was observed for mullite surfaces
facing upwards. Instead, these surfaces were covered with
numerous small droplets (see below).

e Turning the former top mullite surface (devoid of a-alumina
platelets) over and placing it on the kiln furniture for a second
1400 °C/4 h annealing experiment resulted in the common
platelet formation on the new bottom side.

e No a-alumina platelets were observed on the bottom mullite
surface when the a-alumina kiln furniture was replaced by a
gem-quality polished sapphire disk.

o A mullite slice placed inside a Pt-crucible was found devoid
of a-alumina platelets on the surfaces. Several hexagonal Pt
platelets were formed via condensation from the vapor phase.
Droplets were present on the upper mullite surface.

e Annealing the mullite substrate at a lower temperature,
e.g. 1200°C/4h produced few clusters of tiny a-alumina
platelets at the bottom surface only. Platelet density increased
for the 1300 °C/4 h, annealing condition. Heavy overgrowth
of stacked a-alumina platelets was observed when the
1400°C/4 h annealing experiment was extended to 12h or
the specimen exposed to 1600 °C/4 h.

e Surface roughness was not a critical parameter for a-alumina
nucleation.

corundum

Fig. 9. Chipped surface region of the technical grade o-alumina kiln furniture
material exposing a fine-grained Na, Mg- and Ca-bearing siliceous secondary
phase at a triple grain pocket (SE-image).

Microstructural analysis showed that the kiln furniture was
not single-phase a-alumina. The surface of the kiln furniture tiles
exhibited numerous chipped areas which exposed a fine-grained
crystalline Na, Mg, and Ca bearing siliceous secondary phase
(confirmed by EDS) as shown in Fig. 9. ICP-analysis of the kiln
furnace material yielded 280 ppm Na, 1040 ppm Mg, 250 ppm
Ca and 596 ppm Si emphasizing that the kiln furnace material
was indeed the primary impurity source active during annealing
of 2/1 mullite. The chamber kiln insulation made of 50% o-
alumina—50% mullite bricks has to be considered as another
potential impurity source but this material has not been analyzed
in more detail.

The droplets (Fig. 10a—c) were identified as condensation
products from the furnace atmosphere upon cool-down from
annealing in both, dry and wet atmospheres. They appeared
on any surface offered to the furnace atmosphere while their
numbers are correlated with the exposure time.

Droplets may show on both, the top and bottom surfaces of
mullite slices but occured together with a-alumina platelets only
on the bottom surfaces, in close contact with the kiln furniture
material. The droplets exhibited average particle sizes between
5 and 20 wm and consisted of amorphous phase quenched from
a melt. Their spherical shape indicated a low wettability with
the mullite substrate along with high surface tension of the melt
during deposition. While droplets may hold various secondary
phases they were devoid of a-alumina nuclei (Fig. 10b). Despite
their similar chemical composition with the glassy phase upon
prolonged exposure times, droplets must not be confused with
true a-alumina nucleation sites as it has been stated in other
work.?

Notably the droplets deposited on mullite surfaces caused
substantial reactive wetting (Fig. 10a) offering the chance to
study 2/1 mullite dissolution devoid of the accompanying effects
of growing a-alumina platelets. Upon reactive wetting mullite
dissolution gave rise to the formation of a broad cusp-like fea-
ture protruding along [0 1 0] into the substrate. Its trailing edges
were approximately parallel to {130} mullite. Note that typ-
ically the mullite dissolution path driven by a fast growing
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Fig. 10. (a) FIB section across a droplet deposited on (0 1 0) mullite upon anneal-
ing at 1400 °C/4 h (TEM, BF). Note cusp formation of the glass/mullite interface
due to reactive wetting. Trailing edges of cusp are approximately parallel to
{130}. (b) Droplet deposited on (1 00) mullite bottom surface holding a car-
bonaceous secondary phase particle upon quenching from 1400 °C annealing
experiment (SE image). (c) FIB section across a droplet deposited on a type I
a-alumina platelet (mullite (00 1) substrate, TEM, BF). Contrary to deposition
on a mullite substrate (a) no reactive wetting is observed in this case.

a-alumina platelet (see Figs. 5 and 7) defined a much more
narrow feature as compared to reactive wetting by a droplet.
In contrast, for droplets laid down on a-alumina platelets no
reactive wetting was observed resulting in lower Al,O3 concen-
tration in the droplet (Fig. 10c). This latter image also proved that
the droplets were deposited after completion of platelet forma-
tion thus confirming their late-stage formation during cool-down
from ambient temperatures.

3.4. The effects of high water partial pressures on the
mullite/a-alumina intergrowth at 1650°C

Due to their low gas flow rate (v~3 cm/s) at py,0 = 20 KPa,
Piotal = 100 KPa, the wet annealing conditions of this study
were considered rather moderate as compared to previous work
on high-temperature corrosion of polycrystalline mullite and
alumina-rich ceramics in the presence of high gas velocities
(v~100m/s) and high water partial pressures.!”>?> Naturally
the silicon-rich glassy phase is prone to the effects of wet cor-
rosion, however, the amount of corrosion damage imposed on
the glassy phase was found to be clearly related to the specific
orientation type of the a-alumina platelet.

For the type I a-alumina platelet situation, the thin amorphous
interlayers connected to the surface of the specimen showed
dewetting due to Si(OH)4 evaporation (Fig. 3d). However, the
majority of glassy phase located underneath a type I a-alumina
platelet was effectively protected from high-temperature decom-
position. For the same argument the glass layers surrounding the
edge-on type I and the inclined type III a-alumina platelets (see
Figs. 6b and 7a) were more prone to corrosive attack giving rise
to deep corrosion pits (~5 wm) into the glassy phase.

As compared to standard dry annealing a unique result of
our wet annealing experiments is displayed in Fig. 3a and e:
A secondary mullite [00 1] rod has precipitated from the fur-
nace atmosphere on a type I a-alumina platelet. Notably, the
mullite rod and the mullite (0 1 0) substrate share the same ori-
entation relationship with the type I platelet (see Fig. 3c). For
an open system characterized by a more turbulent gas flow dur-
ing wet corrosion the steady removal of Si(OH)4 and A1(OH)3
from the mullite surface would render similar mullite reprecipi-
tation impossible. In terms of the platelet formation process and
the valid orientation relationships, no differences were found
between dry and moderate wet annealing of 2/1 mullite.

4. Discussion

Alumina-on-mullite orientation relationships are best con-
ceived by the observation that pronounced mullite dissolution
paths were enforced by fast a-alumina platelet growth along
densely packed mullite planes. These preferred mullite planes
were parallel to {00-1}of a-alumina and therefore represent
the characteristic mullite planes participating in the prevalent
a-alumina/mullite orientation relationships (see Table 2). The
significance of these mullite planes was further corroborated
by the fact that they participated in the “snap-in conditions”
(Fig. 8a) restricting the azimutal rotation of the a-alumina
platelets around [0 0-1].

Orientation relationships between mullite and a-alumina
were reported by Iwai et al.'® and Saalfeld and Guse!” under
dry atmosphere and by Schmiicker et al.!® in wet atmosphere,
respectively. No attempt was made in previous works to dis-
criminate the different types of a-alumina platelet orientations
or to discuss the functionality of a glassy phase coming with
them. Iwai et al.'® described the in-situ decomposition of
a mullite microcrystal from an electro-cast mullite brick at
1750 °C with an initial composition between 3/2 and 2/1 mullite
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(3.5A1,03-2S10,, x=0.33) followed by a-alumina formation.
Assuming silica volatilization as the prevalent decomposition
mechanism these authors evaluated three orientation relation-
ships between mullite and the newly formed «-alumina using
classical Weissenberg X-ray techniques. Their data involving
the (110), (130), and (3 1 0) mullite planes correspond to ori-
entation relationships determined in this study from type II
o-alumina platelets on (00 1) mullite as well as type II and III
platelets on (1 00) and (0 1 0) mullite (Table 2).

Saalfeld and Guse!” analyzed the phase formation upon solid-
ification of an Al,O3-SiO; melt close to the eutectic point
located at 7o = 1889.5 °C; 77.9 wt% Al O3, 22.1 wt% SiO; with
xe =0.418, according to the SiO,—Al; O3 phase diagram refined
by Eriksson and Pelton.” They reported two orientation relation-
ships involving the (1 0 0) mullite plane which are confirmed by
our data derived from type I a-alumina platelets on (1 0 0) mullite
and type II platelets on (0 1 0) mullite, respectively.

The two orientation relationships reported by Schmiicker et
al.'8 from hydroxylated (00 1) and (0 1 0) single crystal 2/1 mul-
lite sections are consistent with our data derived from type I
platelets on (0 1 0) mullite.

Structural constraints supporting topotactic orientation rela-
tionships during a-alumina on mullite intergrowth have been
first addressed by Iwai et al.'® The common argument empha-
sized the similarity in the structural arrangement of oxygen
anions between (i) the {310} mullite planes and (ii) the
hexagonal-close-packed (00-1) plane in the a-alumina struc-
ture. These authors concluded that upon thermal decomposition
of mullite the {310} plane would be almost preserved when
converted into the (00-1) a-alumina plane.

The same orientation relation, namely (0 0-1)//(310) in our
notation, was experimentally confirmed during TEM inspec-
tion of a type III platelet on (00 1) mullite (cf. Table 2 and
Fig. 7a). The corresponding diffraction pattern (Fig. 7b) revealed
a o-alumina/mullite pair of parallel lattice planes 11-0//130
which match in d-spacings within <2% (d; 1.0 =0.2379 nm ver-
sus d;30=0.2427nm). These close-matching planes extend
perpendicular across (00-1)//(310), thus qualifying this inter-
face as a composition plane during a-alumina nucleation on
mullite. Likewise, for a type I platelet on (00 1) mullite, i.e.
(00-1)//(00 1), electron diffraction (Fig. 2b) identified the pair
of parallel lattice planes 0 3 - 0//4 4 0 which exhibit close match-
ing d-values (dy3.o = 0.1374 nm versus d3 3 = 0.1346 nm) and
continue perpendicular across the composition plane (see also
Fig. 11a). Note that in both cases the lattice planes parallel to
the composition planes, i.e. 00-6//3 1 O(Fig. 7b) and 00-6//00 1
(Fig. 2b), differ significantly in d-spacings thus emphasizing the
significance of lattice planes extending perpendicular to mutual
composition planes.

The cation sublattices of a-alumina and mullite provide
ideal reference systems for visualizing the alumina-on-mullite
intergrowth in real space. Unlike the complex anion sublat-
tices this approach offers a more transparent perspective of
a-alumina/mullite orientation relationships utilizing the fact that
continuity of numerous lattice planes densely packed with alu-
minum atoms can be verified between constituents (Fig. 11a
and b). In the mullite cation sublattice the fully occupied octa-
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Fig. 11. (a) Visualizing the continuity of cation sublattices (2 x 2 cells) in a-
alumina/mullite orientation relationships in real space: type I a-alumina (00-1)
platelet on mullite (00 1) defined by the snap-in condition [1 10]/[10-0]. Rele-
vant Al-positions include the fully occupied octahedral Al position (bold dots),
the disordered T position with (Si, Al) site occupancy ~0.8 (dark gray dots)
and the disordered T" position with (Si, Al) site occupancy ~0.2 (light gray
dots). Note perfect alignment of lattice planes (0 3-0)//(4 4 0)and (2 1 - 0)//(220)
across the possible composition plane parallel to (00-1)//(00 1), with very good
and reasonable matching of the d-spacings, respectively. (b) Visualizing the con-
tinuity of cation sublattices in a-alumina/mullite orientation relationships in real
space: type I-alumina (0 0-1) platelet on mullite (0 1 0) defined by the snap-in
condition [1 0 0]//[10-0]. For cation site occupancies see (a).

hedral Al position, the disordered T position with (Si, Al) site
occupancy ~0.8 and the disordered T" position with (Si, Al)
site occupancy ~0.2 have to be distinguished,!>!'* while in
a-alumina fully occupied Al positions are considered only.
One example of a a-alumina (0 0-1) platelet on (00 1) mullite
is displayed in Fig. 11a. For the snap-in condition [1 0-0]//[1 1 0]
continuity of the (03-0) versus (440) lattice planes is obvi-
ous. Note that these planes were verified as perfectly matching
planes across the composition plane (cf. Fig. 2b). The (21 - 0)
and (220) planes are well aligned but differ in d-spacing by
approximately 12%. Additional matching planes were omit-
ted for the sake of simplicity. In a second example (Fig. 11b),
matching planes in both cation sublattices comprised symmetry-
equivalent planes in a-alumina and mullite as shown for a
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a-alumina (0 0-1) platelet on mullite (0 1 0) defined by the snap-
in condition [1 0-0]//[1 0 0]. The densely packed Al-rows in both
constituents extending parallel to (0 3-0) and (0 0 2) match very
well. The {11-0} versus {20 1} lattice planes match fairly close
in d-spacing but require an additional 6° tilt in order to achieve
perfect alignment of planes. Similar small angular deviations
are not uncommon for topotactic orientation relationships in
ceramic systems.

The structural similarites between both cation sublat-
tices, visualized here for two examples, confirm that
a-alumina/mullite orientation relationships are supported by a
high degree of coherency across the experimentally observed
interfaces. For the same argument the boundary condition for
platelet growth, that is minimizing the deformation energy
per volume was fulfilled. However, once a-alumina nucleated
and the growing platelet was completely wetted by the glassy
phase, the lack of any stress birefringence patterns at the o-
alumina/mullite interfaces indicated that the boundary criterion
now relaxed thus allowing free growth of a-alumina platelet in
any direction.

The glassy phase played a key role during platelet growth
and therefore its prevalent phase relationships were addressed
in more detail. Firstly, it should be noted that the Al,O3 con-
tent of the glassy phase was not far from that of the eutectic
liquid (approximately 18 wt% Al,O3 at T, ~ 1260 °C) in the
metastable Si0,—Al, O3 phase diagram,32 that is in the absence
of any mullite phase, which was determined from firing of
cristobalite—80 wt% alumina compacts at subsolidus tempera-
tures. Secondly, the surprisingly high aspect ratio of the (00-1)
o-alumina platelets of about 1:60 indicated that the glassy phase
has acted as a build-in flux during platelet growth. Since pure
silica glass formed according to Eq. (2) is a poor flux due to
its high viscosity, the glassy phase experienced a major com-
position/viscosity adjustment via uptake of network modifying
cations, and thereby allowed enhanced Al-diffusion from the
mullite dissolution sites through the glass network to the growth
front of the a-alumina platelets.

Due to the dominance of sodium in comparison to the other
impurities the glassy phase may be reduced to a constituent of
the ternary system Na,0-SiO,—Al,03.3? The bulk composition
(Section 3.3) plotted into the compatibility triangle silica-albite
NaAlSi3;Og-mullite®* and layed in the primary mullite field next
to the binary eutectic line silica-mullite. Interestingly, the bulk
composition was also very close to the binary invariant point I
with 8.1 wt% Nay0, 13.3% Al,O3, 78.6% Si0O,, located along
the join silica-Na0-Al,O3 at 1050°C.>3 Under equilibrium
conditions the melt would react at point I with mullite to form
albite and tridymite, but in our case it persisted metastable as a
quenched glass. Looking at our glassy phase as a similar melt
(molar ratio NayO/Al,O3 =1) finds AP+ acting as a network
modifier in a fully polymerized network while charge-balanced
with Na*. Both ions are tetrahedrally coordinated.3—7

The morphology of platelets grown from the glassy phase
is characterized by special forms of the trigonal class 32/m1
only. This is very similar to sapphire grown from molten cryo-
lite fluxes.*®3° Notably, the alumina content of cryolite fluxes
(=10 wt% Al»0O3) is of the same order as the glassy phase sur-

rounding the platelets.*? Fast growth normal to the c-axis and
slow growth parallel to the c-axis results in highly anisotropic
growth characteristics of the a-alumina platelets dominated by
the basic pinacoid ¢ {0 0-1} as the largest and therefore the slow-
est growing face. Besides the pinacoid, terminating faces of the
a-alumina platelets include the rhombohedral face r {0 -1} and
the hexagonal bipyramid face p {hh-[} in agreement with the
a-alumina Wulff equilibrium shape.*!

Our annealing experiments (Section 3.2) showed that the
glassy phase could not have achieved its functionality without
the doping effects of external impurity sources modifying its
bulk composition. While the Al/Si ratio in the glassy phase is
primarily determined by mullite dissolution, the other network
modifying cations (Na, Mg, Ca) were definitely supplied by
the kiln furnace material, most likely transported via alkali and
alkaline earth vapor species to the a-alumina nucleation sites.

Kiln furniture materials, even considered high-purity, are
known as notorious impurity sources in the refractory and
furnace construction community*>*3 and numerous studies
including the classic Johnson and Coble** experiment showed
that vapor phase transport is a very effective way for doping of
ceramic systems.*>*® Along this line, Opila®® pointed out that
in wet oxidation experiments (Py,0 = 10 KPa, 1200-1400°C)
some 100 ppm sodium and aluminum impurities from Al,O3
rods and hangers employed were sufficient to effect scale for-
mation and oxidation rates of SiC. Nevertheless, the difficulties
to separate water vapor effects from impurity effects prevailed
and also need to be addressed in the mullite system.

In the wet system nucleation and growth of o-alumina
platelets were already accomplished prior to corrosion of the
glassy phase via Si(OH)s evaporation. And even then, the
amount of corrosive damage imposed on the glassy phase was
dependent on the type of a-alumina platelet with type I platelets
furnishing a protective shield for the underlying amorphous
phase.

Among the metastable nature of 2/1 mullite upon annealing in
the two-phase field “mullite plus alumina”, the alumina platelet
formation process relies on the effects of very specific impurity
sources. In qualitative terms it appears of secondary importance
whether these sources were eventually furnished by the com-
bined effects of a (i) furnace atmosphere and the alumina kiln
furniture (dry annealing) or (ii) by a gentle flowing water vapor
stream leaching impurities (Na, Mg, Ca) from an alumina reac-
tion tube (wet annealing). Leaving aside the subsequent effect of
corrosive damage of the glassy phase, it is therefore not surpris-
ing that the same a-alumina-on-mullite microstructures resulted
for both, dry and moderate wet annealing of 2/1 mullite. Con-
sequently, rather than described by a single-step process (Eq.
(2)), water vapor corrosion of single-crystal 2/1 mullite is better
rationalized by a two-step process characterized by (i) mullite
decomposition as the necessary silica forming step (Eq. (1)) fol-
lowed by (ii) the actual corrosion of the glassy phase via silica
volatilization.

This statement is true for our moderate water pressures
(PH,0 = 0.2 Pyora1) and low gas velocities (3 cm/s) out to a couple
of hours exposure time where the mullite decomposition rate,
or rather the silica formation rate, clearly exceeded the silica
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volatilization rate. Recently Schmiicker et al.'® claimed that no
glassy phase did contribute to the formation of type I a-alumina
platelets in their hydroxylation experiment of 2/1 single crys-
tal mullite at 1200 °C/3 h, PH,0 = Piotal, v~10m/s. However,
no microstructural evidence was provided. The two alumina-
on-mullite orientation relationships they reported are consistent
with our data (Table 2), suggesting that fundamentally differ-
ent alumina-on-mullite microstructures did not emerge from
their corrosion experiments as compared to this work. One may
indeed question as to whether wet corrosion could ever drive an
open 2/1 single crystal mullite system to release similar topotac-
tically grown a-alumina platelets without the formation and
functionality of the glassy phase. Its complete loss at a very
early stage of hydroxylation would require remarkable SiO,
volatilization rates which are only to be expected if high gas
velocities and high water partial pressures work together.* Addi-
tional corrosion experiments are currently underway to shed
light on this issue.

Finally it should be pointed out that the phenomena of ori-
ented a-alumina platelet growth on annealed 2/1 mullite surfaces
has been recognized in a variety of other high-temperature
experiments which have been conducted independently at tem-
peratures up to 1600 °C in either dry argon/helium purge gas
or in dry air for different periods of time. These include (i) dif-
ferential scanning calorimeter (DSC) experiments in order to
determine the heat capacity of mullite*’, (ii) dilatometer and
resonant ultrasound spectroscopy (RUS) experiments for deter-
mination of elastic properties of mullite*®, and (iii) sessile drop
experiments for reactive wetting studies of mullite.*? This is an
interesting finding considering the fact that different furnaces
and experimental setups were involved in these experiments.
Moreover, one may assume that during numerous other high-
temperature experiments involving 2/1 and 3/2 mullites the tiny
clusters of a-alumina platelets formed on the mullite surface are
left undetected upon routine inspection. Alumina sample holders
as well as a-alumina clamping and fixture devices of different
purity and design seem to represent the common denominator
to all these experiments indicating that impurity doping via the
vapor phase®>*?>*3 does play a similar decisive role as discussed
in this work.

5. Conclusions

Topotactic orientation relationships between o-alumina
(00-1) platelets and Czochralski grown 2/1 mullite substrates
were discussed in the light of annealing experiments of 2/1
mullite (001), (010), and (00 1) single crystals sections in the
two-phase regime “mullite plus a-alumina” (1200-1650 °C) in
different atmospheres (dry versus wet air) at normal air pressure.

Thermal decomposition of 2/1 mullite gave rise to the
simultaneous formation of a-alumina platelets and an initially
siliceous glassy phase completely wetting the platelets. Incorpo-
ration of networkmodifying cations (Na, Mg, Ca) from external
impurity sources, i.e. (i) the kiln furniture material (dry anneal-
ing) and (ii) the alumina reaction tubes/fixtures (wet annealing),
via vapor phase transport reduced the viscosity of the glassy

phase as to provide a build-in flux for enhanced a-alumina
platelet growth. Platelet aspect ratios of around 1:60 were
observed. Upon nucleation on the mullite surfaces, fast growth
of a-alumina platelet enforced pronounced mullite dissolution
paths parallel to densely packed mullite planes.

The composition of the initially silica-rich glass in 2/1 mul-
lite is found in agreement with the eutectic composition in the
metastable AlpO3—-Si0; system. Phase relationships of the mod-
ified glass upon uptake of impurities are rationalized in the
ternary system NayO-Al,03-Si0O;.

The growth habit of the a-alumina platelets is similar to
that of sapphire from molten fluxes and is in agreement with
the Wulff-shape of a-alumina. Growth faces correspond only
to special forms of the trigonal point group 32/m including
the ¢ {00-1} pinacoid, the p {1 1-3} hexagonal bipyramid, and
the  {01-2} rhombohedron. No hexagonal prisms a {11-0}
or m {10-0} were developed. No twinning of platelets was
observed.

Three different types of a-alumina platelets were formally
distinguished: (i) the type I oriented parallel, (ii) the type II ori-
ented perpendicular, and (iii) the type III inclined to the mullite
surfaces (100), (010),and (00 1). Type IT and I1I platelets were
not independent from each other. The azimutual rotation of the
platelets around [0 0-1] was restricted to specific snap-in con-
ditons defined by specific mullite directions being parallel to
the a-alumina ap-axis: i.e. for type I platelets on (00 1) mullite
substrate five symmetric non-equivalent orientation states were
identified while the (1 00) and (0 1 0) mullite sections resulted
in two orientation states, respectively.

The topotactic a-alumina/mullite orientation relationships
were derived by OM, XRD, and FIB assisted TEM including
previous work as a sub-assembly group (cf. Table 2). Mutual
a-alumina/mullite lattice planes extending across possible com-
position planes during a-alumina nucleation on mullite were
identified and rationalized in terms of coherency of cation sub-
lattices.

The nature of the atmosphere (dry versus moderate wet
annealing) had no effect to alumina-on-mullite intergrowth and
the prevalent orientation relationships. Due to the low gas veloc-
ity and water vapor pressure employed during wet annealing, the
silica formation rate controlled by mullite decomposition was
always higher than the silica volatilization rate. Thus, platelet
formation was accomplished before hot corrosion could set in
indicating that hot corrosion of 2/1 mullite is best described by
a two-step process. Corrosive damage imposed on the glassy
phase was far less for type I a-alumina platelets as compared to
type II and III platelets.

Oriented growth of a-alumina platelets on single crystal 2/1
mullite is enhanced by impurity doping of the coexisting glassy
phase via vapor phase transport and represents a frequently
observed feature during numerous other high temperature exper-
iments employing 2/1 mullite single crystals.
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