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Abstract

Planar specimens prepared from thin plasma-
sprayed Mg—Al spinel and 2/1-mullite layers are
investigated via conventional and analytical trans-
mission electron microscopy in order to evaluate the
constraints of rapid solidification on the in-plane
microstructure at different scales of resolution.

Despite intrinsic differences in the nature and
density of structural defects between the two mate-
rials studied, their gross-scale microstructures share
a characteristic sequence starting from (i) large,
spherical core grains, followed by (ii) a radial chill-
zone exhibiting columnar to dendritic grain morpholo-
gies, which eventually leads to (iii) an impingement
zone formed by the intersection of different chill-
zones.

Relief of thermomechanical strain from the core
grains and chill zones gives rise to an equiaxed sub-
grain architecture and intensive microcracking in
the impingement zone. Moreover, the impingement
zone represents the region of highest and most var-
ied lattice defect density.

1 Introduction

Plasma-sprayed oxide coatings deposited on
metallic or ceramic substrates define a unique
class of materials which are well established in
different fields of industrial application, such as
thermal insulation (thermal barrier coatings), pro-
tection against oxidation or corrosive attack, and
wear resistance.

Coating materials particularly pursued in this
approach are zirconia,' alumina,*’ cordierite
Mg,AL[AlSi;O5]® and forsterite Mg,SiO,.® Because
of their good thermal shock resistance, spinel
(MgAlLO,) coatings have been exploited for vari-
ous applications in chemical engineering and steel
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production.>'® Mullite, Al,,,Si, ,, 0, , (With 0-2 <
x < 05 ) exhibits an oxygen-deficient orthorhombic
structure, where x defines the number of oxygen
atoms missing per unit cell.''!* This constituent is
a potential candidate for thermal protection layers
since it offers high thermal stability and good
thermal shock resistance along with both low
thermal expansion and low thermal conductiv-
ity.'*!5 Because of the close match in thermal
expansion coefficients, mullite-based protective
layers also perform well as corrosion resistant
coatings for SiC-based heat exchanger tubes.'®
Moreover, mullite has been successfully employed
as an oxidation-resistant coating for molybdenum
substrates.!”!®

Besides their attractive thermomechanical prop-
erties, a major motivation for selection of spinel
and mullite plasma-deposited layers in the present
research stems from the fact that both materials
are ideally suited as model components in
extended alumina systems. Alumina is certainly
one of the best studied ceramic plasma-sprayed
systems in the literature (see Ref. 7 for review). It
is a principal constituent in the SiO,~Al,0," and
MgO-Al,0,”® phase diagrams. Alumina poly-
morphs were reported to occur in spinel and mul-
lite microstructures in case of deviations from
stoichiometry and/or kinetic constraints during
cool-down.?'23

Non-equilibrium conditions during ultrasonic
transport and deposition of plasma-sprayed mate-
rials create a complex pattern of interdependent
experimental parameters. Because of the extreme
quenching rates during deposition, which are of
the order of 10° K s7',%° the microstructures and
thus the physical properties of plasma-sprayed
materials differ significantly from their conven-
tionally densified counterparts.?*%’

The present study focuses on the lateral micro-
structural variation during the first stage of
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coating build-up. Plane view transmission electron
microscopy (TEM) specimens were prepared from
thin layers of thermally sprayed Mg-Al spinel and
2/1-mullite and investigated by means of conven-
tional and analytical TEM. The so-derived 2D
microstructural features are referred to as in-plane
microstructure. This approach particularly addresses
the following aspects:

(i) the gross microstructure (grain size, grain
morphology, macroporosity) of as-sprayed
deposits on a micron scale;

(i) the phase stability during plasma-spraying,
focusing on the occurrence of metastable
phases due to local variations in the cooling
rate during deposition; and

(iii) the nature and density of structural defects
in the as-sprayed grains, which are expected
due to varying high stresses during impact
with the cold substrate.

The two-dimensional microstructural analysis of
a thin protective coating as pursued in this study
is a simplified approach which has its limitations
in assessing variations of grain morphology and
texture normal to the substrate surface. The inter-
action of newly arrived with previously deposited
material during solidification depends on the heat
flux gradient’ through the layer in a complex
manner, thus turning the thickening process of the
coating into more than just a simple 3D layer by
layer repetition of the in-plane microstructure.
For most applications however, the very. first lay-
ers of the as-sprayed microstructure are crucial for
the performance of the coating, particularly in
terms for adhesion between the substrate and the
protective coating. Moreover, a well-defined refer-
ence plane is mandatory for addressing the com-
plex microstructure of layered structures such as
plasma-sprayed materials. Therefore, it is antici-
pated that an assessment of the in-plane micro-
structural features including different scales of
resolution (macroscopic versus microscopic) will
contribute valuable information for further opti-
mization of plasma-sprayed thermal protection
layers and a better understanding of the 3D archi-
tecture within thick coatings.

2 Experimental Procedures

Mullite powder derived from melt-grown (‘fused-
mullite”) batches exhibiting a powder particle size
distribution of 1040 um was supplied by Huels
Inc., Troisdorf, Germany. The spinel powder derived
from melt-grown material (grain size between 20
and 40 um) was obtained from the same supplier.

A Metco 4 MP plasma gun utilizing a gun

power of 375 kW was employed in this study
using N, as primary gas (flow rate 35 1 min™"), H,
as secondary gas (flow rate 7 1 min™') and N, as
carrier gas, respectively. The powders were
sprayed from a distance of 70 mm on to the sur-
face of a sillimanite (Al,SiOs) substrate utilizing
an average feeding rate of 40 g min™'. The sub-
strate was not preheated, resulting in relatively
poor adhesion of the coatings and predominantly
lateral heat flow through the coating. The average
thickness of the plasma-sprayed layers after sev-
eral passes was of the order of 100 um.

A Philips EM 430T TEM/STEM transmission
electron microscope operating at 300 kV was
employed in this study. The very first layer of the
coatings adjacent to the substrate were sampled
for preparation of plane view specimens. Electron-
transparent thin foils were prepared by standard
ceramographic techniques involving dimpling and
5 keV argon ion-beam thinning. HREM images
(see Section 3.3) were processed by a digital image
processing system consisting of a CCD-camera, a
frame-grabber, a personal computer and an image
processing program (Synoptics Ltd, UK).

3 Results and Discussion

The gross-scale microstructural patterns of as-
sprayed spinel and mullite coatings are described
in Section 3.1. In the two subsequent sections we
first comment on intrinsic characteristics of the
spinel and the mullite microstructure, such as the
phase stability during transport and deposition
(Section 3.2), and then discuss the defect structure
of as-sprayed grains (Section 3.3).

3.1 General microstructure of as-sprayed spinel
and mullite layers

Solidification of as-sprayed ceramic coatings is
primarily controlled by local heat flux gradients
utilizing free surfaces for heterogeneous nuclea-
tion, such as the periphery of large grains. This
issue has been emphasized in previous research’
for both as-sprayed metallic alloys and Al,O;-rich
ceramics and we also found it to be an important
concept for both plasma-sprayed materials investi-
gated in this study.

The occurrence of large spherical grains embed-
ded in a fine-grained matrix of different grain
morphology defined a characteristic microstruc-
tural feature for both spinel and mullite layers.
The large grains defined the nucleation °‘core’
(following a notation employed in Ref. 7 for
as-sprayed metallic coatings) of a characteristic
sequence of the in-plane microstructure. This pat-
tern can be rationalized in terms of a three-step
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development (stages I-III), which also comprises
the chronology during deposition and solidifica-
tion. The core grains are referred as stage 1. Figure 1
gives a typical example for a core grain in the
spinel layer imaged at low magnification. Because
core grains generally were homogeneous single-
phase with a grain size about the same as the par-
ticle size of the starting batch, they probably
represent primary constituents which were only
marginally melted in the plasma torch and
resolidified on the substrate without being frag-
mentated during impact. It is important to note
that with the exception of occasional twinning in
the mullite system (see Section 3.2), a very low-
defect density was-observed in all the core grains
examined.

Due to the relatively poor adhesion of the
as-sprayed materials to the sillimanite substrate,
the preferred direction of the heat flow during
cool-down is supposed to extend within the
plasma layers rather than normal towards the sub-
strate. The radial temperature gradient extending
perpendicular to the surface of the core grains in
the plane of the coating favoured the development
of defect-free columnar grains with their growth
axes parallel to the direction of the heat flux.
Because this growth morphology is very similar to
the chill-zone observed in solidified ingots,?® this
microstructure is referred as the ‘chill-zone’ or
region II. This zone of columnar grain growth
(labelled region 2 in Figs | and 2) extends radially
from the large core grains until it eventually inter-
feres with similar chill-zones from other core grains
to create an ‘impingement zone’ (region 3 in Fig. 1).

During the development of the in-plane micro-
structure the impingement zone is considered to

Fig. 1. TEM bright-field (BF) micrograph displaying the
characteristic gross microstructure of an in-plane section of
as-sprayed Mg-Al spinel layer: a large spherical core grain
(region 1), followed by a chill-zone with columnar grain mor-
phology (region 2), which eventually leads to an impingement
zone (region 3) with intensive microcracking. Details of
regions II and III are revealed in Figs 2 and 3, respectively.

Fig. 2. Chill-zone in spinel (region 2 in Fig. 1), exhibiting a

typical columnar grain morphology around the periphery of a

spinel core grain (TEM BF). The beam directions are parallel
to [1 1 1] (core grain) and [0 1 1] (chill-zone), respectively.

Fig. 3. Impingement zone in spinel (region 3 from Fig. 1),

revealing mosaic-like microstructure (beam direction parallel

[0 1 0]) and microcracks emerging from intersection of different
chill-zones.
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evolve last. In spinel (Fig. 3), it is characterized
by a mosaic-like microstructure exhibiting an
equiaxed subgrain morphology bounded by {1 0 0}
and {1 1 0} planes, along with intensive micro-
cracking and considerable intergranular porosity.
As discussed in Section 3.3 in more detail, the
impingement zone represents the region of highest
lattice defect density. The noticeable change in
grain morphology from columnar in the chill-
zones to equiaxed in the impingement zone is
attributed to a slowing of the cooling rate as the
coating coverage of the substrate increases. This
effect will favour more isotropic grain morpholo-
gies similar to observations of other plasma-
sprayed materials."” It is assumed that the core
grains represent the larger particle size fraction of
the starting powder batch which were only partially
molten during ultrasonic transport. In contrast, the
microstructures of the chill- and impingement
zones are considered to result from smaller, fully
molten particle deposition on the substrate. After
the quench from the liquid, solidification is con-
trolled by anisotropic thermal gradients defined by
the cooling conditions in the predeposited material.

The three-stage microstructural sequence [core
grain (I) — chill-zone (II) - impingement zone
(IIT)] was also observed for the mullite deposit, as
summarized in Figs 4-7. The occurrence of colum-
nar grains (Fig. 4) attached to the surface of large

Fig. 4. Columnar grain morphology of as-sprayed mullite
from chill-zone (labelled 2) close to core grain (labelled 1), as
shown in the inset. Mullite orientation is parallel to [0 0 1].

Fig. 5. Early stages in development of dendritic grain mor-
phology in the mullite layer. Note the high density of intra-
granular porosity.

i

Fig. 6. Final stage in development of dendritic grain mor-
phology in as-sprayed mullite, embedded in amorphous phase
(labelled g).
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Fig. 7. Mullite aggregate attached to a continuous alumina-
and silica-rich glassy phase (labelled g). Beam direction is
parallel to [0 1 0].

core grains in the mullite layer indicates that its
microstructural development was similar to spinel.
The growth axis is approximately parallel to [1 1 0],
deviating from the normal growth axis of mullite,
which is parallel to [0 0 1].%

Locally the mullite grain morphology along the
spreading chill-zone can change from columnar,
through smooth droplet-like grains with isolated
pockets of amorphous phase (Fig. 5) to, eventu-
ally, typical dendrites attached to a continuous
interdendritic amorphous phase (Fig. 6), which is
similar to the amorphous interlayer found in
sintered bodies. The dendrite tips consist of
macroscopic {1 1 0} planes, and the growth direc-
tion in this case is approximately parallel to [0 1 0].
Residual pockets of SiO,-rich amorphous phase
acting as a sink for Al and some impurities are
associated with equiaxed mullite aggregates bound
by {1 1 0} planes, as shown in Fig. 7. Such areas
most likely represent local compositional devia-
tions from the bulk, pushing the composition into
the mullite plus SiO, field of the Al,05;-SiO, phase
diagram.!”” Similar microstructures have been
reported from directional solidification experi-
ments in the Al,0;-SiO, system.* Compared to
spinel, the mullite system seems to be particularly
sensitive to fluctuations along the liquid/solid
interface, which may be attributed to its lower

intrinsic thermal conductivity and/or local varia-
tion in temperature gradient.

Impingement zones as defined by the intersec-
tion of chill-zones from several core grains are
also established in the mullite deposits (see Fig. §;
to be compared with Fig. 3). The subgrain bound-
ary network is often parallel to {1 1 0} planes.
The dislocation density within the subgrains is low
(see Section 3.3); most dislocations were single
and isolated, but a few dipoles were observed.

In the spinel and mullite layers investigated,
macroporosity is  scattered heterogeneously
throughout the in-plane microstructure (Fig. 9).
Porosity is generally more pronounced in the mul-
lite deposits. The pore size may reach a micron,
with the pores bounded intragranularly in most
cases. The pores are spherical, indicating entrap-
ment of gaseous species in the molten, low-viscos-
ity feedstock material during plasma spraying. An
interlaminar type of macroporosity is also
observed which gives rise to a characteristic striation
pattern (Fig. 10) in the columnar grain structure
of the chill-zone. On a much smaller scale com-
pared to these macropores, the columnar mullite
grains themselves exhibited numerous faceted
intragranular pores (denoted by arrowheads in
Fig. 10), very similar to Kirkendal voids in con-
ventionally densified Al,O;-rich materials.’'*?

Fig. 8. Impingement zone in as-sprayed mullite (compare with

Fig. 3). Small-angie grain boundaries and a rectangular {1 1 0}

grain morphology create a mosaic-like pattern. Note the lack
of intergranular porosity.



90 W. Braue et al.

Fig. 9. Mullite layer exhibiting large-scale porosity, taken
from area where the chill-zone meets the impingement zone.

Fig. 10. Columnar mullite grains exhibiting extensive inter-

laminar porosity (extending from top to bottom of micro-

graph) along with numerous faceted intragranular pores
(indicated by arrows).

Fig. 11. Defocused BF image of edge-on grain boundary in

spinel, revealing grain boundary precipitates. Inset A shows

the wedge of a similar but tilted grain boundary, proving

that the precipitates are strictly confined to the grain bound-

ary. Inset B reveals a faceted amorphous precipitate bounded
by low-energy spinel planes.

In contrast to the micropores concentrated in
the mullite chill-zones, the spinel layers exhibited
numerous submicrometre-sized features which are
strictly confined to grain boundaries (Fig. 11).
They are particularly abundant in the impinge-
ment zone where they coexist with the dislocations
in the subgrain boundaries. In Fig. 11, a spinel
grain boundary from a very thin region of the
specimen is imaged edge-on under defocus condi-
tions, revealing a sequence of tiny elongated ‘pre-
cipitates’ of the order of 10 nm. Inset A shows
their accumulation within the wedge of a tilted
grain boundary. These precipitates are (1) some-
times faceted (see inset B in Fig. 11) and (ii) con-
sist of amorphous material, as revealed by
convergent beam electron diffraction (CBED).
During small-probe analysis in the microscope
radiation effects occurred easily, so their composi-
tion was impossible to identify unambiguously.

The different types of macro- and microporosity
affect both the elastic modulus and the thermal
conductivity of the spinel and mullite layers. As
an increased pore volume accounts for better
relaxation of thermal stresses, as-sprayed ceramic
materials exhibit superior thermal shock resis-
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tance, compared to their dense counterparts.’*?’

Studies of plasma-sprayed PSZ-based thermal bar-
rier coatings’ have demonstrated that porosity is
indeed a desirable microstructural parameter for
those applications where harsh thermal cycling
conditions, €.g. in engine components, define the
major ¢hallenge for the performance of the protec-
tive coating. In conjunction with the anisotropic
grain morphology of the in-plane microstructure,
porosity and microcracks contribute to the non-
elastic stress/strain behaviour reported for plasma-
sprayed coatings.??’

3.2 Phase stability and chemical gradients in
as-sprayed spinel and mullite coatings

Phase stability in plasma-sprayed materials depends
on kinetic and energetic constraints related to
nucleation and growth of the constituents along
the solid/liquid interface during quenching. These
constraints control whether the chemical composi-
tion and constitution of the feedstock materials
match that of the deposited layer. In this context
plasma-sprayed alumina is a well-documented
model system for the occurrence of metastable
transition alumina phases due to rapid cool-down
(see Ref. 7 for review).

As-sprayed spinel is a homogeneous single-
phase material as demonstrated by small-probe
microanalysis and electron diffraction. A large-
angle CBED pattern demonstrated the character-
istic three-fold symmetry along the [1 1 1] axis and
corresponding HOLZ-line pattern in the (0 0 0)
diffraction disc in agreement with the MgAl,O,
cell dimensions (Fig. 12). No y-AlL,O; precipitates
were detected in the spinel. These would be
expected if substantial evaporation of MgO
occurred causing formation of non-stoichiometric
(AL,O,),MgO (n > 1) spinels."

Compared to the rather straightforward phase
relationships in the binary MgO-ALQO,,'"? the
Al,0,-Si0, system is more complex; metastable
phase equilibria may arise due to notably slow
nucleation kinetics for formation of mullite solid
solutions and/or alumina during crystallization
from a melt.>** As discussed below in more
detail, the basic mechanisms to accommodate
chemical gradients during plasma spraying in the
binary Al,0;-S10, system is the formation of
metastable transition alumina polymorphs, which
are quite frequently observed. (The occasional for-
mation of a mullite species which is more Al-rich
and heavily twinned compared to the standard
as-sprayed 2/1-mullite is most likely to be con-
trolled by the stoichiometry of the mullite feed-
stock material (see Section 3.3).)

In as-sprayed mullite layers, single grains of
cubic 1-Al,O; located at triple-grain junctions

(b)

Fig. 12. CBED patterns obtained from spinel {1 1 1] core

grain as displayed in Fig. 1. (a) Composite pattern consisting

of zero-order Laue zone (ZOLZ) pattern plus first-order Laue

zone (FOLZ) ring. (b) arrangement of the higher-order Laue

zone (HOLZ) lines around the [1 1 1] pole in the central (0 0 0)

disc clearly reveals a three-fold pattern, thus confirming the
cubic symmetry of the crystal investigated.

were identified by selected area diffraction (Fig.
13). The zone axis of the selected area diffraction
(SAD) pattern (see inset) is parallel to [1 1 2] with
continuous streaking along the <1 1 1> and <1 3 1>
directions. The streaking is due to structural disor-
der of »-AlL,O; which has a spinel-type structure.’>’
Often types of submicrometre-size intragranular
inclusions were observed in the equiaxed subgrains
from mullite impingement zones. A large sec-
ondary phase grain (Fig. 14(a)) located on a small-
angle grain boundary was identified as monoclinic
6-Al,O, by means of CBED (see insets A and B in
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Fig. 13. n-Al,0; at triple grain junction of as-sprayed 2/1-mul-

lite. Orientation is parallel [1 1 2]. Note streaking parallel to

{111} and {1 3 1} in the SAD pattern inserted. Centre of
SAD aperture is given by circle.

Fig. 14(b)). Tiny secondary phase inclusions with
planar defects detected in the same area (Fig.
14(b)) were identified as transition alumina phases
via digital image analysis.

The rationale for the formation of transition
alumina polymorphs in as-sprayed layers instead
of the thermodynamically stable phase corundum
is based on the cooling rate and nucleation kinetics
during plasma spraying:

(1) Plasma-sprayed alumina-rich ceramic systems
have shown that the formation of metastable
transition aluminas is mostly controlled by the
cooling rate.” A slow cooling rate favours
positioning of AI** in octahedral coordination,
thus leading to the formation of corundum.
Slow cooling is seldom achieved during
plasma spraying. Instead, fast cooling rates
which favour tetrahedral coordination of Al**
are more common, which give rise to the for-
mation of transition aluminas.

(2) The interaction of phase stability and cooling
rate is clearly a function of the particle size.’
Small particles are characterized by high
quenching rates, favouring the formation of
transition aluminas for reasons discussed pre-
viously.

(b)

Fig. 14. (a) HREM image of mullite subgrains in [0 0 1] ori-

entation, including an intragranular 6-Al,O; particle. FOLZ

and ZOLZ regions of a [1 3 1] zone axis pattern are shown in

insets A and B in Fig. 14(b). (b) FOLZ and ZOLZ patterns

obtained from 6-Al,O; (top), [0 0 1 HREM image of mullite,

exhibiting small intragranular precipitates with plannar
defects, indicated by arrows (bottom).
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(3) The formation of metastable transition poly-
morphs may also be controlled via the critical
free energy for heterogeneous nucleation of
alumina polymorphs. As emphasized by Ref.
38, the critical energy threshold is by defini-
tion lower for a transition alumina polymorph
than for the thermodynamically stable phase
corundum.

The frequent observation of transition alumina
phases in plasma-sprayed alumina reported in the
literature™*?2%® and in mullite plasma layers, as
observed during this research, can be rationalized
in terms of Ostwald’s step rule* which emphasizes
the significance of the nucleation energy for crys-
tallization of polymorphic systems. Such systems
do not:spontaneously form the most stable precip-
itation product, but rather pass sequentially
through several intermediate stages with higher
energies, before eventually the stable configuration
with the lowest free energy is obtained.

The majority of mullite core grains investigated
were homogeneous single phase 2/1-material.
Reciprocal (A 0 /) lattice sections of mullite core
grains (Fig. 15) yield the typical diffuse super-
structure pattern'>!® centred at a*~1/3 and 2/3 and
c*~1/2, indicating that the distribution of oxygen
vacancies on O(C) sites in the structure of
as-sprayed mullite was not affected by the con-
straints of rapid solidification. However, some
core grains were detected that contained nanoscale
twin lamellae parallel to (0 0 1) planes. The
twinned structure of such a core grain is displayed
at high magnification in Fig. 16, after tilting the
crystal into a [0 1 0] zone axis orientation so that
the twin planes are edge-on. The corresponding
diffraction pattern (see inset) is basically that of
Fig. 15, superimposed with the effects of twinning

Fig. 15; (kO)) reciprocal lattice section of as-sprayed 2/1-mul-

lite, displaying sharp and diffuse reflections as well as diffuse

streaks in an a*/c* plot. The diffraction pattern was obtained
from the mullite core grain shown in the inset of Fig. 4.

Fig. 16. Twin lamellae of as-sprayed mullite core grain, tilted
into a [0 1 0] orientation (see corresponding SAD pattern
inserted). The (0 0 1) twin boundaries are imaged edge-on.

on (0 0 1), as well as double diffraction as dis-
cussed in Ref. 33.

With ~79 wt% as determined via small-probe
microanalysis (EDS), the AlLO; content of the
twinned mullite grain was considerably higher
than the ~75 wt% Al,O, for the untwinned species,
determined by the same method. This finding is in
far agreement with the solid solution range-
derived for melt-cooled mullites.>* The Al,Os-rich
end member, exceeding ~80 wt% AlLO;, incorpo-
rates the same twin structure as observed in the
present study, while the 83 wt% Al,O; batch
exhibits exsolved «Al,O; precipitates in a twin
mullite matrix, indicating that the 83 wt% compo-
sition is the nominal mullite solid solution end
member under normal conditions. It is believed
that the formation of twinned Al-rich mullite core
grains is controlled by the purity of the starting
material and does not represent an intrinsic effect
unique to the plasma-spraying process.

3.3 Nanoscale defect structure of as-sprayed spinel
and mullite subgrains from impingement zones

The high quenching rates during deposition of
thermally sprayed materials can introduce a vari-
ety of structural defects to the in-plane micro-
structure, which have been well explored for
metallic systems in the literature.’
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With the exception of the occasional twinned
Al-rich mullites, (see Section 3.2), the core grains
and the peripherical chill-zones in spinel and mul-
lite are basically defect-free. If any structural
defects are accumulated in the in-plane micro-
structure, they are clearly related to the impinge-
ment zone (see Section 3.1). The microstructurally
irregular impingement zone provides a convenient
sink for the relief of thermomechanical strains
generated from the core and the chill-zone grains
of the deposits. The strain energy released into the
impingement zone not only gives rise to the for-
mation of the typical subgrain structure domi-
nated by small-angle grain boundaries (Figs 3 and
8), but also introduces intergranular cracks. Given
a subsequent annealing treatment at high tempera-
tures, substantial recrystallization of the impinge-
ment zone is expected to take place.

A more detailed TEM inspection shows that the
subgrains from the spinel impingement zone con-
tain characteristic structural defects such as point
defects and stacking faults. For reasons related to
the intrinsic differences in crystal structure
between spinel and mullite, these defects are either
less pronounced or completely absent in the anal-
ogous mullite microstructure:

(i) Spinel subgrains contained a significant level of
point defects. Agglomeration of point defects
resulted in formation of dislocation loops
which were imaged in dark-field (Fig. 17).
Smaller loops or point defect clusters appeared
as white dots. No extra effort was undertaken
in this study to discriminate between the differ-
ent natures (vacancy versus interstitial type)
of the loops. The thermal history of the spinel
deposits investigated, however, strongly sug-
gests that they resulted from agglomeration of
thermal vacancies during the quench.

(i1) - The subgrain boundaries in plasma-sprayed
spinel layers acted as possible sinks for
agglomeration of point defects, which eventually
lead to the formation of the grain boundary
precipitates discussed in Section 3.1.

(ii1) The spinel subgrains contained planar faults
lying on low-index planes, similar to those
reported from Verneuil-grown spinel single
crystals* and other spinel materials.* Depend-
ing on the local specimen thickness and the
extinction distances of the reflections involved,
these faults show typical a-fringe contrast
when being studied under different imaging
conditions.* In addition to straight fault seg-
ments, wavy faults associated with domain-
like structures were observed in the spinel
subgrains (Fig. 18). Although their character-
istic appearance is similar to anti-phase

Fig. 17. Dark-field image from spinel subgrain taken with? =

(0 4 0). Beam direction is parallel [1 0 3]. Small dislocation

loops are indicated by arrows. The white band extending

through the micrograph represents the trace of a subgrain
boundary.

boundaries (APB) in ordered f.c.c. alloys,?®
they are stacking faults because the corre-
sponding SAD pattern did not reveal sharp
superlattice reflections. This is different from
most ordered crystal structures,”* where
strong APB fringe contrast is observed only
for superlattice reflection, leaving no or only
faint residual contrast for fundamental reflec-
tion images.

Moreover, the faults in plasma-sprayed spinel
are arranged in an irregular, non-periodic

Fig. 18. Wavy faults in spinel subgrain (TEM BF). Beam
direction is parallel to [3 1 10].
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pattern with a rather low density. Instead of
generating a sharp, well-defined super-reflec-
tion, the low fault density in combination
with their non-periodic arrangement give rise
to weak diffuse streaks in reciprocal space
only. The size of the streaks (~0-01 nm™) is
given by the reciprocal value of the average
fault-to-fault distance (see Fig. 18) which is
100 nm at the most. This is a much larger
scale compared to ordered alloys such as
CuAull, where the APBs are regularly spaced
with a period of ~0-2 nm.* The lattice spac-
ing of the g(hkl) vectors controlling contrast
in Fig. 18 is ~0-25 nm, resulting in a spot-to-
spot distance of 4 nm™! in the SAD pattern.
Relative to this distance, the streaks resulting
from the faults in spinel are less than 1%
apart, leaving little margin to separate them
clearly from the main Bragg spots.

Figures 19 and 20 demonstrate the effect of the
faults by direct imaging of an appropriate set of
spinel lattice planes. First, notice the rather lim-
ited distribution of curved faults (denoted by
white arrowheads) in a spinel subgrain (Fig. 19).
This micrograph also shows that the faults are
pinned by the intragranular precipitates (indicated
by black arrows) discussed in Section 3.1, or pos-
sibly by dislocations lying underneath the plane of
the TEM foil (not shown). The precipitates act as
obstacles for the mobility of fault segments during

Fig. 19. Wavy stacking faults (indicated by white arrowheads)

in spinel subgrain, pinned by low-angle tilt boundary (centre

of micrograph) and intragranular precipipates (see black

arrowheads). Beam direction is parallel [0 5 1]. Thickness

fringes and bend contours are also visible due to buckling of

the thin foil. For higher magnification of boxed region see
Fig. 20.

the coarsening process of the domain-like struc-
ture. The boxed area from a thin region of the
specimen encompasses a typical fault/precipitate
configuration and is shown at higher magnifica-
tion in Fig. 20. The projection of the fault plane is
almost edge-on in regions E and F where it
appears quite narrow. In region D, it is inclined to
the foil. The specimen was tilted to a [0 & /] orien-
tation thus revealing {2 0 0} lattice fringes which
extend across the whole area displayed in Fig. 20.

A close examination of the fringes in region E
revealed that they are discontinuous across the
trace of the fault plane: two stacks of {2 0 0}
fringes (indicated by the black boxes marked 1
and 2) were selected from both sides of the fault,
processed via digital image analysis and reassem-
bled in the inset. When looking along the bound-
ary between stacks 1 and 2 (see inset), the
displacement of the {2 0 0} fringes by ay/?2
becomes obvious.

No systematic investigation of possible fault
vectors in spinel has been conducted in this study.
Although Fig. 19 provides the displacement of
{2 0 0} planes in projection only, the situation
displayed is consistent with displacement vectors
of the type a/2 <h 0 0> or a/2 <1 1 0> common to

Fig. 20. Spinel {2 0 0} lattice fringes from a [0 5 1] orienta-
tion, showing the displacement of ay/2 across a wavy fault in
a subgrain (detail from Fig. 19). Two sets of {2 0 0} fringes
(indicated by black boxes marked 1 and 2) were selected from
both sides of the fault in region E, processed by digital image
analysis and reassembled in the inset: the ay/2 displacement
becomes obvious along the boundary between stacks 1 and 2.



96 W. Braue et al.

spinel,” depending on whether or not the dis-
placement vector is confined to (0 5 1), the plane
of presentation in Fig. 19. As discussed in Ref. 40,
stacking faults in spinel have a preference for {1 0 0}
followed by {1 1 0} and other low-index planes. It
is the relatively isotropic stacking fault energy
associated with low-index planes in spinel which
gives rise to the formation of wavy rather than
straight faults. The faults are considered as typical
growth defects during lateral spread of the
impingement zone.

4 Conclusions

The in-plane microstructure derived in the present
TEM study illustrates the lateral growth pattern
for the very first layers of plasma-sprayed Al,O;-
rich ceramic feedstock materials. This interpreta-
tion relies on several assumptions, such as
constant conditions during ultrasonic transport
and deposition and negligible heat flow from the
layer to the substrate due to rather poor adhesion.
From these studies, the following conclusions can
be drawn:

(1) Despite the rather chaotic impression the
in-plane microstructure gives at first glance,
the underlying growth pattern appears to be
remarkably similar and straightforward for
both spinel and mullite. It consists of a charac-
teristic sequence starting from a large spherical
defect-free core grain (region I) that acts as
the nucleation site for a peripherical chill-zone
(region II) exhibiting columnar to dendritic
grain morphologies. During build-up of the
layer, interference of different chill-zones leads
to the formation of an impingement zone
(region III). Due to the combined effects of
the columnar grain morphology and the asso-
ciated interlamellar porosity in the chill-zones
as well as the microcracks in the impingement
zones, the in-plane microstructure provides
sufficient weak zones to accommodate residual
stresses due to thermal expansion mismatch
and/or thermal cycling.

(2) The occurrence of metastable submicrometre-
sized transition alumina polymorphs in the
mullite layer is related to the slow nucleation
kinetics of stable constituents in the AlLO;
SiO, binary and may be rationalized in terms
of Ostwald’s step rule. The occasional formation
of a twinned mullite species which is more
Al,O;-rich compared to the average 2/1-mullite
is most likely to be related to the purity of the
feedstock material. The diffuse super-reflection
pattern as derived from a*c* reciprocal lattice

sections indicated that the structural short-
and long-range order of as-sprayed mullite are
left unaffected by the constraints of rapid
solidification.

(3) While the core grains along with the surround-
ing chill-zones indicate the effects of thermal
gradients during the early stages of deposition,
the subgrain structure and the microcracks of
the impingement zone reflect the relief of ther-
momechanical strains which have accumulated
during lateral growth of the layer. The mosaic-
like subgrain structure clearly reflects the
thermally induced defect arrangement on
growing grain impingement which is effective
during solidification. Particularly in spinel, the
impingement zone acts as the major sink for
structural defects. This is documented by the
agglomeration of point defects to form dislo-
cation loops in the subgrains, the formation of
grain boundary precipitates and the occurrence
of often wavy stacking faults. Subsequent
annealing treatments may favour recrystalliza-
tion in the impingement zones associated with
considerable grain growth.
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