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Abstract

The in¯uence of systematically varied heat treatments on the microstructure and phase system of a bulk plasma sprayed alumina

has been investigated by applying conventional electron microscopy [scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM)], X-ray and electron di�raction [X-ray di�ractometry (XRD) and selected area electron di�raction
(SAED)], Archimedean porosimetry and dilatometry. Plasma sprayed alumina has a quasi-laminated microstructure, consisting of
layered ``splats'' with a pronounced ultra-microstructure which results from rapid cooling. The as-sprayed material consists of

transition aluminas and about 35% a-Al2O3. Both transition phases and a-Al2O3 form splats with transversal ultra-®ne columnar
intra-splat grains. Post deposition exposure to high temperatures causes signi®cant microstructural, phase and dimensional changes.
The transition aluminas undergo a continuous order±disorder transformation until the reconstructive phase change to a-Al2O3 is

reached. This is accompanied by precipitation of aligned porosity, opening of splat interfaces and the formation of dislocation networks.
It is suggested that the increase in porosity is responsible for the directionally dependent and lower than expected shrinkage on trans-
formation. Thermal expansivity at lower temperatures is found to be independent of splat orientation. A block domain structure and

extensive twinning form during the transition transformations. Extended exposure to near-sintering temperatures leads to the recrys-
tallisation of the splat substructure whilst maintaining the splat structure.# 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Plasma sprayed ceramics are ®nding increasing
acceptance in various ®elds of engineering, medicine
and industry, ranging from their application as thermal
barrier and wear resistance coatings to functioning as
bio-active interfaces for medical implants. They are even
®nding application as free-standing components, such
as tubes, pipes and guides, where use of conventional
ceramic components has been rejected for reasons of
economy, lack of damage tolerance or low resistance to
thermal gradients.1±4 This is not surprising when the
various advantages they can bring are considered.
Plasma sprayed ceramics are relatively easily worked and
formed and deposit thickness may be varied from tens of
micrometres for coatings to tens of millimetres for free-
standing components. Various composite systems may

be deposited and both coatings and free-standing com-
ponents can exhibit high crack resistance and thermal
shock resistance; indeed, free-standing alumina compo-
nents have been shown to withstand thermal shocks in
excess of 1000�C, without appreciable deterioration in
strength.5,6

The various properties of plasma sprayed ceramics,
and especially the di�erences from conventionally sin-
tered ceramics, are known to be dependent on their
anisotropic, quasi-laminated, ``splat'' microstuctures
and non-equilibrium phase compositions.7,8 These
microstructures are very dependent on the external
parameters of spraying, e.g. arc current, carrier gas pres-
sure, gun-substrate distance, etc. Variations in these
parameters can lead to large changes in microstructure
and phase system and hence to great variations in the
properties of the deposited ceramic.1,2 For any given as-
sprayed coating-property system, the spraying parameters
have to be speci®cally and empirically optimised. Post-
production thermomechanical loading and especially
exposure to high temperatures can, however, lead to
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extensive changes in the properties of ceramic systems.
These are related to changes in the internal structure,
and/or the phase composition.6,8±10 For instance, it has
been reported that the plasma sprayed alumina system
can be subject to considerable creep, even at relatively
low temperatures and stresses.5 However, it is also
known that the as-sprayed alumina system often con-
tains a considerable amount of metastable g-Al2O3, and
this transforms, through a series of intermediate (tran-
sition) phases, to the room temperature stable a-Al2O3

phase.11±14 This sequential transformation, which must
be accompanied by microstructural changes, is likely to
be a major cause of the observed creep e�ect.
If understood and optimised, this ability to vary

microstructure and properties may prove advantageous
and it may become possible to age plasma-sprayed
ceramic deposits. This is done at present in some sys-
tems, especially the alumina system, e.g. the thermal
ageing of freestanding alumina components, or in-situ
treatments by post-spray passes of the plasma ¯ame
over a deposit surface, but the heat treatments applied
are generally arbitrary and designed to result in the
conversion of metastable phases, or to induce post
deposition sintering. A deeper understanding of the
nature of the microstructure and the changes resulting
from heat treatment is required if a systematic attempt
is to be made to engineer optimal material properties.
Much work has been done to characterise the complex

structures which form in plasma sprayed ceramic deposits.
Alumina and alumina related systems, being commercially
important and well studied in their conventional sintered
forms, have received particular attention (see, e.g. Refs.
15±23). The majority of research has been carried out on
deposits close to the interface with the substrate and
macro-features of the microstructure, e.g. splat shape, dis-
tribution alignment and intersplat interfaces. Relatively
little has been published on the micro or nanoscale sub-
structures (ultra-microstructures, e.g. splat internal grain
con®guration, pore type, morphology and distribution) of
plasma sprayed ceramic coatings or bulk matrial. Such
investigations, in general, require the application of trans-
mission electron microscopy (TEM) and related techni-
ques (see, e.g. Refs. 24±29). The scope of such studies is
often limited by the various di�culties of preparing sui-
table thin foils from the fragile deposits, the tedious and
time consuming nature of such investigations and by a
tendency to concentrate on speci®c crystallographic
details. Furthermore, although it is well known that
plasma-sprayed alumina deposits often contain a large
proportion of metastable phases, the transformations of
which have received considerable attention in conven-
tional aluminas, there has been relatively little systematic
investigation of the time and temperature related develop-
ment of their phase system coupled with the evolution of
their various substructures. Microstructural substructures
and the phase system must play dominant roles in the sta-

bility, mechanical behaviour and chemical activity of these
materials, and as such are attracting increasing research
interest (see, e.g. Refs. 20, 30 and 31).
It has, therefore, been the objective of this work to

systematically investigate and provide a comprehensive
overview of phase, structural and sub-structural devel-
opment in the microstructure of a bulk plasma sprayed
alumina as it evolves under the in¯uence of various heat
treatments.

2. Methods and techniques of investigation

2.1. Material

The alumina material used in this investigation was
atmospheric plasma spray (APS) deposited by LWK
Plasmakeramik, Gummersbach, Germany, using a water
stabilised arc plasma gun. It was sprayed from a com-
mercially available powder agglomerate (Alcoa CT100,
99.5% a-Al2O3, median agglomerate granule size: 92 mm,
with individual crystallite size between 2 and 5 mm) (Fig.
1) in 18 passes onto a removable steel mandrel, to form a
free-standing tube with wall thickness of about 80 mm.
The as-sprayed material had a porosity of about 13%.
Samples were cut from the bulk to minimise substrate

in¯uence. An overview of the microstructure through
cross sections of as-sprayed and fully heat treated materi-
als (as described later) is given in the scanning electron
microscopy (SEM) micrographs in Fig. 2. The typical
splat structure is dominant in both material conditions.

2.2. Heat treatments

Two series of heat treatments were carried out. In the
®rst, blocks of material were heated at 5�C/min and held
at constant temperature for 12 hours at 900, 1050, 1180
and 1550�C, and then furnace cooled to room tempera-
ture. These temperatures were chosen on the basis of the
transformation temperatures for the various metastable

Fig. 1. SEMphoto-micrographof sprayedalumina powder agglomerate.
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alumina phases, given in literature.11,12 The last heat
treatment is just below the common sintering tempera-
ture for high alumina materials,32 and is similar to
treatments applied in industry to consolidate and make
thermally stable sprayed products.
A second series of heat treatments was based on the

outcome of the investigation by dilatometry (described
below). This showed the ®rst major dimensional
instability to be at about 1180�C at a heating rate of
5�C/min. Consequently, a series of samples was heated
in fan assisted furnaces to 1180�C at 20�C/min, and held
at this temperature for di�erent times up to 12 h before
furnace cooling to room temperature (RT). The faster
heating rate was applied to minimise the time spent in
the dynamic part of the cycle.

2.3. X-ray di�ractometry, dilatometry and
thermo-gravimetric analyses

Phase analysis was conducted by X-ray di�ractometry
(XRD) using a Siemens D-500 di�ractometer with CUK�

radiation (l=1.542 AÊ ). Solid samples were used as pre-
liminary X-ray investigations had shown that there was
no identi®able crystallographic texture,6 and a control
powder measurement had shown no appreciable di�er-
ence to the solid measurements. Measurements were
made primarily on samples taken from the bulk. One
measurement wasmade on the substrate-deposit interface
layer to examine the di�erences to the bulk material.
Thermal dimensional stability measurements were

made on small beams of as-sprayed material using a
Netzsch 412 E horizontal push-rod dilatometer. The
samples were heated in a graphite chamber with static
air at 5�C/min. Measurement instabilities were accoun-
ted for by calibration against a standard sintered alu-
mina. The samples were cut from the as-sprayed
cylinder in three orthogonal directions as shown in Fig.
3: radial, i.e. so that the long axis of the beam was nor-
mal to the splats, axial, i.e. along the axis of the sprayed
cylinder and tangential. In the case of both axially and
tangentially cut samples the long axis of the cut samples
was essentially parallel to the alignment of splats.
Simple thermal gravimetric analysis (TGA), to check

for rapid weight loss during the heating cycle as would
be expected from dehydroxylation of the material, was
conducted using Netzsch STA 409 C simultaneous
thermal analyses equipment. A 105.5 mg powder
sample was heated in an alumina crucible in static air at
5�C/min.

2.4. Porosimetry

Archimedean porosimetry was used to quantitatively
follow the evolution of porosity with heat treatments.
Samples were immersed in water and left to soak under
light vacuum to facilitate pore penetration. Samples
were weighed after overnight immersion and after 72 h
immersion. The weight of the samples was measured
immersed in water, wet but out of water, and after
extended drying at 100�C. Porosity was estimated from
the assumed theoretical density and the following set of
relationships:

Fig. 2. SEM micrographs of (a) cross-section through as-sprayed

material. The typical splat structure is clearly visible, and (b) material

heat treated at 155�C for 12 h. The splat structure is still clearly

dominant, but porosity appears to have increased.

Fig. 3. Schematic representation of the orientation of samples

removed from the sprayed thick-walled cylinder. The short lines in the

samples represent the stacking sequence of splats.
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Po � Ww ÿWd� �= Ww ÿWuw� �� � � 100; �1�

Pc � 1ÿ � c�o� �=�th

� �� 100ÿ Po; �2�

Pt � Pc � Po; �3�

� c�o� � � Wd= Wn ÿWuw� �� � � �w; �4�

whereWd is the weight of the dry sample,Ww is the weight
of the sample wet but out of water, Wuw is the weight of
the sample under water, �(c+o) is the density of the
sample (including open and closed porosity), �w is the
density of water at the temperature of testing, �th is the
theoretical density of the alumina, Po is the percentage
of open porosity, Pc is the percentage of closed porosity
and Pt is the total percentage of porosity. The theore-
tical density of the as-sprayed material was calculated
using a simple rule of mixtures from X-ray data: after
preliminary pole-®gure measurements failed to provide
evidence of crystallographic texture in a previous inves-
tigation, an estimate of the phase composition of the as-
sprayed material was made by applying the integrated
intensity method to selected peaks in the traces of one
sample, in the as-sprayed state and after conversion to
100% a-Al2O3. The as-sprayed material was found to
contain about 35% a-Al2O3, and 65% g-Al2O3

6 (the
other transition aluminas were omitted in this estima-
tion due to the percentage fractions and the di�culty of
distinguishing them from the g-Al2O3). Due to lack of
consistent literature data, the assumption was made that
the theoretical densities of the transition aluminas do
not di�er greatly from those of g-Al2O3.

2.5. TEM investigation

The selection of material for samples for TEM inves-
tigation was made on the basis of post heat-treatment
X-ray di�raction. Samples were chosen that revealed
signi®cant phase change. Thin foil specimen were pre-
pared by slightly modifying standard techniques of
ceramic foil preparation. A cylinder of material 2.3 mm
in diameter was cut out of each heat treated block and
mounted into a hollow brass tube using glue. The glue
plays a vital part in the preparation, as it penetrates into
the open pores and interfaces and provides reinforce-
ment during subsequent stages of preparation. Thin slices
were then cut from this tube, ground until plan-parallel
and polished and mechanically dimpled from one side.
The sample was ion beam milled using ionised argon, at
an angle of attack of 3� to perforation. It was then
sputtered with a thin coat of carbon. The samples were
observed in a Jeol 2000FX TEM operating at 200 kV.

3. Results

3.1. X-ray di�raction

There was a substantial di�erence in the X-ray trace
of as-sprayed alumina material from the substrate±
deposit interface and material from the bulk. The inter-
facial material was largely g-Al2O3 and a-Al2O3 (trace not
shown here) and showed considerably less evidence of the
development of d-Al2O3 or y-Al2O3 than the bulk mate-
rial, indicating higher cooling rates, or less reheating by
subsequent torch passes and deposition.
In-depth investigation showed little variation in relative

amounts of the di�erent phases, indicating that once a
certain depth of deposit had built up, the cooling rate did
not change dramatically. The bulk as-sprayed material
showed evidence of the coexistence of a, g and d-Al2O3.
The traces from samples which underwent isothermal

heat treatments at di�erent temperatures for 12 h are
shown in Fig. 4, and show the progressive development
of the transition aluminas. It is clearly seen that many of
the peaks of the various aluminas overlap, thus making
positive identi®cation of a phase by the exclusion of
others di�cult. The development of the tetragonal d-
Al2O3 phase is already clear in the material heat treated
at 900�C, but it is most obvious in the material after 12 h
at 1050�C. Theta alumina may just be identi®ed after
heat treatment at 1050�C, but is clearly present as a
minor phase in the material heat treated at 1180�C. By
far the greater part of the material heat treated at
1180�C is alpha alumina. After 12 h at 1550�C, the
material may be considered to be 100% a-Al2O3. It
should be noted that the traces shown originate from
di�erent samples. Hence, the absolute intensity levels
should not be compared between traces. However,
relative peak intensi®es may be used as a guide to phase
development within any one trace. The JCPDS
standards 43-1484 (a-Al2O3), 29-0063 (g-Al2O3), 16-0394
(d-Al2O3) and 23-1009 (y-Al2O3) were found to corre-
spond most closely with the measured traces and were
used for peak identi®cation.
Fig. 5 shows the traces for material heat treated iso-

thermally at 1180�C for di�erent times. The traces show
a similar phase development to the materials heat trea-
ted at di�erent temperatures. After 10 min at this tem-
perature the phase composition is clearly similar to that
after 12 h at 900�C, and after 20 min there is similarity
to that heat treated for 12 h at 1050�C. The amount of
transition alumina is already reduced after 90 min and
the material may be considered as consisting of almost
entirely a-Al2O3 after 12 h, although a minor content of
y-Al2O3 may still be identi®ed.
Note, for simplicity, not all peaks have been labelled

in Figs. 4 and 5. Unlabelled peaks correspond to peaks
above or below them, e.g. in Fig. 4 all peaks at about
26� are a-Al2O3.
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Fig. 5. X-ray di�raction traces showing phase development in plasma sprayed alumina heat treated at 1180�C for di�erent times.

Fig. 4. X-ray di�raction traces showing phase development from the as-sprayed state for plasma-sprayed alumina annealed for 12 h at various

temperatures.
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3.2. Dilatometry and TGA

Dimensional changes on heating may be seen in Fig.
6, which shows the changes on one heating cycle at a
heating rate of 5�C/min. For simplicity only the axial
and radial samples are represented as the tangentially
cut sample behaved almost identically to the axial sam-
ple. The expansion curves are almost indistinguishable
in both directions from room temperature up to about
1000�C, yielding a coe�cient of thermal expansion in
both cases that ranges between 4.5�10ÿ6 and 8�10ÿ6
Kÿ1 for temperatures between 200 and 1000�C. It is dif-
®cult to exactly identify the point of divergence of the
two readings, but this lies between 900 and 1000�C and
corresponds to the g-Al2O3 to d-Al2O3 ordering trans-
formation. There is evidently a slow down in rate of
expansion above 1000�C, followed by a rapid shrinkage
at about 1200�C. This shrinkage is attributed to the
transformation to a-Al2O3. A permanent volume con-
traction of approximately 3 to 3.5% was determined
after cooling to room temperature by measuring sample
dimensions with a micrometer screw gage.
The striking feature of the dilatometry curves is the

di�erence in shrinkage in the orthogonal directions. The
axial and tangential directions are found to be subject to
the same shrinkage (approx. 0.66% linear contraction),
but the radial direction shrinks about 60% more
(approx. 1.05%). Furthermore, the maxima of the

curves occur at di�erent temperatures in the di�erent
directions: about 1215 and 1190�C for axial and radial
specimens, respectively.
After the main transformation the dilatometry curves

again show material expansion up to about 1400�C,
after which there is a little further shrinkage. Thus it
may be inferred that macroscopic sintering e�ects do
not occur until at least 1400�C. Thermal expansion on
cooling from 1550 to 700�C yielded a thermal expansion
coe�cient of 9.9�106 Kÿ1, which corresponds well to the
thermal expansion coe�cient of conventionally sintered
a-Al2O3 at elevated temperatures.12,33

Simple TGA analysis showed a rapid mass reduction of
about 0.4% between 100 and 500�C. This loss is low con-
sidering that according to literature there is between 3.4
and 7.5% surface and lattice tied water in g-Al2O3,

11,34,35

(which would correspond to a loss of up to 2.2 and 4.9%
in our material, respectively). It is assumed that this mass
loss corresponds to dehydroxylation, i.e. the driving o� of
tied lattice water, of g-Al2O3.

3.3. Porosimetry

The results of Archimedean porosimetry are sum-
marised in the graph in Fig. 7. The overall amount of
porosity changed little up to the temperature of recon-
structive transformation. This phase change is accom-
panied by a fairly large jump in both open and especially

Fig. 6. Dilatometry: dimensional changes in plasma-sprayed alumina in the two principle inicrostructural orientations on heating at 5�C/min. The

sequence of expected phase transformations is indicated at the top of the ®gure (the thermal expansion coe�cient curve was obtained by smoothing

the measured data points).
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closed porosity. The total amount of porosity recedes a
little after the higher temperature (i.e. 1550�C) heat
treatment. Most of this reduction is due to a decrease in
closed porosity.
It is important to be aware of the dramatic e�ect a

variation in immersion times can have on accuracy and
scatter. Short immersion times are su�cient to estimate
the total porosity, but very long immersions are
required if reasonable estimates of the fractions of open
and closed porosity are to be made. For example, 4.5%
closed porosity out of a total porosity of 13% was
determined in samples of as-sprayed material immersed
for 6 h. After immersion for 3 days, the total amount of
closed porosity determined had reduced to less than 1%
whilst the total amount of porosity stayed e�ectively
unchanged at 13.5%.

3.4. TEM and SAED investigation

When presenting and analysing the results of a TEM
investigation, one should bear in mind the relatively
small volume of material actually examined, and
whether or not the results can be evaluated as being
representative. The TEM investigation of this plasma
sprayed material is further complicated by the fact that
the microstructure is inherently heterogeneous. Hence,
it is not always easy to separate the inherent e�ects of
deposition, from the consequences of heat treatment.
Accordingly, in the following, only features that were

deemed to be typical of the microstructure and a con-
sequence of the appropriate thermal history of the
material have been reported.

3.4.1. The as-sprayed material

Metallographic sectioning shows powder particles are
deposited as splats in various sizes and with varying
degrees of ¯attening. Some original powder particles
have not been melted at all (or only melted a little on
the outer surface) and are found as complete spherical
agglomerates within the microstructure. These account
for some of the a-Al2O3 found in the X-ray traces.
TEM investigation revealed that the deposited splats

have a columnar internal substructure (ultra-micro-
structure). The columns have a width between 0.2 and 1
mm, which is reminiscent of directional solidi®cation, or
the beginning of dendritic solidi®cation (see Figs. 8 and
9). The columns in a splat are always initially oriented
perpendicularly away from the interface of impact with
the previously deposited splat. This is identi®able
because gas from the plasma envelope, trapped at the
impinging surface by the next viscous/molten impacting
particle, results in a mottled surface (Fig. 9). In contrast,
the opposite surface is always smooth, indicating that
the splat had completely solidi®ed by the time of impact of
the next molten particle. After initially running perpendi-
cular to the surface of impact, the direction of the columns
may change (they do not necessarily run perpendicularly
throughout the splat), indicating the columns form

Fig. 7. Graph showing results of Archimedean porosimetry in as-sprayed and 12 h heat treated materials. The samples were immersed in water for 72 h.
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according to the path of the heat ¯ux out of a splat as it
cools.
The columns themselves often appear to have weak

interfaces between one another, as may be inferred from
the vertical cracking frequently observed between them.
The weakness of the interfaces may be due to crystal-
lographic mismatch between neighbouring columns in
some cases. In others, it is clearly a result of the agglom-
eration of porosity (see bottom left of Fig. 8). The con-
trast on the TEM images from neighbouring columns
within splats indicates that they have di�erent crystal-
lographic orientations. This is con®rmed by selected area
electron di�raction (SAED) across columns.
Higher magni®cations revealed that these columns

consist of a group of ®ner sub-columns (between 50 and
200 nm wide) which share the same crystallographic
orientation, but are separated by ®ne, continuous intra-
columnar porosity reminiscent of the segregation of
point defects or dissolved gas on rapid solidi®cation (see
Fig. 10(a)). The SAED pattern in Fig. 10(b) is taken
from across these three lamellae and shows clearly that
all three share the same crystallographic orientation.
This intracolumnar porosity appears more pronounced
in larger splats, i.e. where cooling rates were presumably
lower, and may have a signi®cant in¯uence on the
thermo-mechanical properties and characteristics of the
as-sprayed material.
Two other kinds of porosity are also evident in the

splats of the as-sprayed material. There are large isolated
pores trapped wholly within splats, which arise from gas
bubbles trapped in molten particles; and ®ne, unstruc-
tured porosity, randomly distributed, but in relatively
high concentration within some splats, which may arise
from ®nely dispersed trapped gas bubbles in the melt (see
Figs. 9 and 11). This second type is more common in
splats that do not solidify with a columnar structure.
However, the grains themselves give well de®ned electron
di�raction patterns indicating they are crystalline.
The smaller splats exhibit columns that proceed all

the way through the splat. However, in larger splats
columns often proceed into areas of equiaxed grains.
This is similar to the chill zone morphology reported by
Braue26 for mullite and spinel plasma sprayed coatings.
It is not certain, however, if this morphology is a result of
changes in cooling rate and post deposition heating, or
whether it is due to nucleation from within the splat, by
seed crystallites from the original powder agglomerates.
In fact, both columnar and equiaxed grains were iden-
ti®ed by selected area electron di�raction in such cases
as being a-Al2O3.
It has been possible to use SAED to identify both a-

Al2O3 and near-g-Al2O3 as columnar structures. The
near-g-Al2O3 phase was identi®ed only in thin splats
with pronounced columnar ultra-microstructure. The
SAED patterns in Fig. 12 are from the same column in
one splat, but are for di�erent zone axes. The streaking

Fig. 8. TEM micrograph showing clearly the splat internal columnar

substructure of the majority of as-sprayed splats. Impingement zones

between the individual columns, agglomeration of porosity and ver-

tical cracks are clearly visible.

Fig. 9. TEM micrographs of splat internal structures at higher mag-

ni®cation. Large spherical intrasplat and hemispherical interfacial

pores resulting from entrapped gasses during solidi®cation are evident.
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in Fig. 12(a) indicates the presence of planar faults, and
the positions of the spots agree very well for the [100] of
g-Al2O3. The positions of the spots in Fig. 12(b), how-
ever, despite coming from the same column, agree very
well with the [334] of d-Al2O3. It may be assumed that
the g-Al2O3 phase is beginning to undergo the transfor-
mation to d-Al2O3, and this column ®nds itself in an
early transition state.

3.4.2. After 12 h at 900�C
The X-ray trace for this material shows signi®cant

di�erence to that for the as-sprayed material. There is
considerably more d-Al2O3 present, but no discernable
increase in a-Al2O3. This indicates that a signi®cant
amount of g-Al2O3 has transformed into d-Al2O3, aswould
be expected from the transition alumina transformation
series.
Observation of the microstructure after annealing at

900�C for 12 h revealed few major changes from the as-
sprayed condition. The columnar substructure of the
splats was still clearly visible, as can be seen in the
micrograph in Fig. 13. At higher resolutions, however,
it became evident that the intracolumnar aligned por-
osity had become more pronounced throughout the
sample. Furthermore, very ®ne faceted and aligned, but
not connected, porosity (indicating compliance with
crystal orientation), about 10 to 20 nm in diameter and
separated by about 50 nm, was also observed to have
formed within the columns (see Fig. 14(a)).
SAED of the columns revealed that a high degree of

ordering had developed (Fig. 14(b)). This structure
appears to correspond to a phase with a superlattice
consisting of triple stacked spinel type cubic cells, in
agreement with reported structures for d-Al2O3.

14,36,37

The interconnected streaks through the di�raction spots
are probably the consequence of a highly developed
stacking fault substructure within the columns.

Fig. 11. TEM micrograph showing unstructured porosity in splats

without columnar substructure. The splats still give well de®ned

SAED patterns and are therefore crystalline.

Fig. 10. (a) TEM micrograph showing subdivision of individual col-

umns by segregation of gas or defects during solidi®cation and (b)

SAED pattern taken across all three sub-columns shown in (a). All

three sub-columns share the same crystallographic orientation.
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Incidentally, the high intensity spots on the SAED
pattern shown in Fig. 14(b) agree exactly with those in
Fig. 12(a) which shows g-Al2O3 in the as-sprayed
material (both SAED patterns show the same [100] zone
axis), but the low intensity spots between them arise
from planes which belong to d-Al2O3, indicating the
development of the ordered structure. Furthermore, the
streaking which was seen in Fig. 12(a) is strongly devel-
oped in the SAED pattern in Fig. 14(b). This provides
further evidence that the grain from which the SAED

pattern in Fig. 12(a) was taken was in an intermediate
stage of the g-Al2O3 to d-Al2O3 transition.
At the bottom of Fig. 13 an incompletely melted original

powder particle is clearly visible. There is obviously a large
amount of trapped gas at the interface with the next
impinging splat. Although not universal, this type of inter-
face was very common for such powder-splat con®gura-
tions. It is an interesting feature, however, that despite the
lack of contact between the powder and impinging splat,
the columnar internal structure has formed unperturbed.

3.4.3. After 12 h at 1050�C
Material heat treated at 1050�C for 12 h showed con-

siderably greater di�erences to the as-sprayed material.
The columnar internal structure of the splats was, never-
theless, still nominally retained (see Fig. 15(a)). Again, it is
clear that two types of columnar structure may be descri-
bed: columns that are bounded by pores (seen clearly in
the top splat in Fig. 15(a)), and columns that are de®ned
by a di�erence in crystal orientation to their neighbours
(seen in the centre splat of Fig. 15(a)). In the ®rst of these,
the columnar width is in the order of 0.7 to 1.5 mm,
thereby allowing these columns to be identi®ed with
those de®ned by intercolumnar±columnar porosity in
the as-sprayed material. Fig. 15(b) shows at higher mag-
ni®cation a region in the middle of the central splat in Fig.
15(a), i.e. from a region where the columns are thought

Fig. 13. TEM micrograph showing internal structure of splats after

heat treatment at 900�C for 12 h. The splat internal columnar sub-

structure is still evident. An entrapped incompletely melted original

powder particle may be seen in the bottom left.

Fig. 12. SAED patterns from one column in an as-sprayed splat: (a)

shows the [100] zone axis of g-Al2O3, the almost continuous streaking

indicates the presence of planar faults; (b) is taken from the same col-

umn as that indexed in (a). This, however, is best indexed as the [334]

zone axis of d-Al2O3.
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to be separated by di�erences in crystal orientation.
There appears to be a further substructure of highly
aligned, extremely ®ne porosity, or voids, inclined at an
angle to the axes of the columns. SAED from this area
revealed a pattern typical of a very high degree of
ordering and corresponding to d-Al2O3.

Fig. 14. (a) TEM micrograph showing the development within indivi-

dual columns of very ®ne aligned porosity. The porosity appears to be

faceted mirroring the crystallinity of the columnar grain. (b) SAED

showing the columns consist of a highly ordered phase. The pattern

agrees well with that of a triple stacked spinel type cubic cell of the

type reported in literature for d-Al2O3.

Fig. 15. TEM micrographs showing (a) the splat internal columnar

structure still dominates after heat treatment at 1050�C for 12 h; and

(b) at higher resolution, the middle region of the central splat in (a).
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The growth and orientation of pores, a process already
seen in thematerial heat treated at 900�C, has progressed to
result in a high degree of regimentation. Indeed, the
pores are now clearly faceted, mirroring the crystallinity of
the surrounding matrix, and, for the ®rst time, they are
interconnected with a continuous dislocation line (see
Fig. 16).
Two distinct types of structure were revealed within

single splats, in neighbouring areas (see, e.g. Fig. 17, which
shows the edge of one such splat). The structures pre-
viously described as columns are still visible. At higher
magni®cations areas of high orderingwhich formdomains
of between about 10 and 15 nm, may be seen (Fig. 18).
This was the most common substructure observed within
splats. SAED analysis revealed this structure to be d-
Al2O3. Coexisting in neighbouring areas with the domain
structure, minor regions of twins could be imaged
(Fig. 19). Modulated contrast was received from within
the twins, but it was not possible to resolve the contrast
su�ciently to show unambiguous internal details. EDX
analyses, on the twinned region found no qualitative
compositional variation from the neighbouring areas.

3.4.4. Isothermal heat treatments at 1180�C for di�erent
times

The heat treatment at 1180�Cwas chosen on the basis of
dilatometrymeasurements which showed the beginning of

Fig. 16. TEM micrograph showing that the porosity separating the

columns in Fig. 15(a) is actually faceted and interconnnected by a

continuous dislocation line.

Fig. 17. TEM micrograph of the edge of a splat in material heat

treated at 1050�C for 12 h. Areas of twinning and contrast from

regions of block domains may be recognised.

Fig. 18. TEM micrograph showing high resolution image of block

domains in d-alumina.
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dimensional instability at about this temperature. Despite
the fact that the samples investigated were heated at faster
heating rates to avoid spending time at undesired tem-
peratures, this is not entirely avoidable. Furthermore, it
should be remembered that transformation rates and
times are strongly dependent on heating rate and sample
size,16 so the times given for heat treatment are, in fact,
nominal. The ®nal choice of TEM specimens was thus
made on the basis of di�erences in phase composition as
detected by XRD (see Fig. 5).

3.4.5. 10 min

The material heat treated for 10 min was already very
similar in structure to that treated at 900�C for 12 h. The
splats clearly retained their internal columnar sub-
structure and there was no dramatic change from the as-
sprayed condition. SAED revealed the development of a
considerable amount of d-Al2O3. However, no twinning
was observed. There were also very few dislocations and
those seen were always in regions of a-Al2O3. None-
theless, much of the smaller scale porosity already exhib-
ited a high degree of faceting.

3.4.6. 20 min

X-ray di�raction showed that the relative amounts of
d-Al2O3 (and y-Al2O3) present had both increased, and

the amount of g-Al2O3 had decreased after 20 min at
1180�C. There was considerable similarity to material
heat treated for 12 h at 1050�C. TEM observation
revealed increased ordering and the beginning of the
formation of twins. Fig. 20(a) shows one such twin lath
nucleating in what was obviously a splat-internal col-
umn (identi®ed by comparing the sizes of the struc-
tures). The SAED pattern in Fig. 20(b) is taken from the
top of the lath containing the twin, and corresponds to

Fig. 19. TEM micrograph showing region of microtwinning in material

aged at 1050�C for 12 h. The modulated contrast from within the twin

lathes indicates a high density of stacking faults. SAED patterns of this

area corresponded most closely to d-Al2O3.

Fig. 20. (a) TEM micrograph showing the ®rst development of a twin

lath within a columnar grain. (b) SAED pattern taken from the column

containing the twin lath in (a) showing the [334] zone axis of d-Al2O3.
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the [334] zone axis of d-Al2O3. The positions of the spots
of maximum intensity agree very well with those in the
SAED pattern in Fig. 12(b) lending weight to the argu-
ment that the as-sprayed column was g-Al2O3 in the
process of transforming to d-Al2O3. SAED from the twin
lath, itself, also agreed well with the [334] d-Al2O3 zone
axis, indicating that the twins are, at least in the early
stages of formation, still d-Al2O3, and not y-Al2O3.

3.4.7. 90 min

The relative amounts of transition aluminas had
already reduced after 90 min at 1180�C. Nevertheless,
the microstructure and substructure of this material was
essentially the same as that for material heat treated at
1050�C for 12 h. Few dislocations were observed.

3.4.8. 3 h

The ®rst major changes in the structure of the material
were observed after a heat treatment at 1180�C for 3 h.
X-ray di�ractometry showed that the relative amounts of
d-Al2O3 (and y-Al2O3) had further decreased, accom-
panied by a de®nite increase in the amount of a-Al2O3.
Although the relative amounts of d-Al2O3 (and y-Al2O3)

are seen to decrease, the twin structures are still quite well
developed in this material. A region of twins developing
from an area of high order is shown in Fig. 21. A block
domain structure (which frequently accompanies extreme

ordering) is clearly visible, as is a signi®cant amount of
aligned and faceted porosity. The porosity is aligned
obliquely to the domain or microtwin contrast. Despite
the relatively low magni®cation, the stacking sequence of
crystal planes is still visible in some of the domains at the
bottom of the ®gure. This implies the d-spacing of these
planes is quite high. Additionally, the facets of the pores
seem to have an orientation related to the stacking planes.
From the fact that facets of pores in sintered alumina
often mirror close packed planes,38 it may be inferred that
the stacking planes are close packed planes of d-Al2O3.
Much of the columnar substructure in the splats had

been replaced by a system of self accommodating laths
with extensive faceted internal porosity. These laths
seem to have retained some resemblance in morphology
to their precursor columns. [Nearly identical structures
are seen in material heat treated at 1180�C for 12 h (see,
e.g. Fig. 22)]. SAED showed these laths to be exclusively
a-Al2O3. The transformation to a-Al2O3 also led to a
slight increase in associated dislocation density.

3.4.9. 12 h

The X-ray traces show that after 12 h at 1180�C the
material is almost entirely a-Al2O3, although remarkably,
there is still a trace of d (or y) alumina. The columnar

Fig. 21. TEM micrograph showing the development of extensive twin-

ning in a region bounded block domains of highly ordered material.

Fig. 22. TEM micrograph of splat after phase transformation to a-
Al2O3. The previous columnar sub-structure has been replaced by a self

accommodating lath structure. This micrograph is taken from material

heat treated at 1180�C for 12 h, but similar structures were also visible

after 3 h at this temperature. An increase in porosity is identi®able.
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substructure typical of the as-sprayed material has been
completely replaced by a structure of elongated self-
accommodating laths (Fig. 22). The amount of porosity in
the new laths has also increased. These new laths are remi-
niscent of the original columnar substructure, but appear
to be inclined at an angle to the original morphological
orientation.
Dislocations are far more common in this material

than in those heat treated for less time. They may be
found interconnecting faceted pores, and in some cases,
even form dense networks (see Fig. 23). In general, it
seems that this material, after transforming to a-Al2O3

undergoes a recovery process to de®ne new grains.

3.4.10. After 12 h at 1550�C
The chosen temperature for this heat treatment is

close to the standard sintering temperatures for alumina
materials (1600±1700�C).32 Indeed, SEM investigation
indicated that the splats had to some extent sintered
together. However, the basic, splat based, quasi-lami-
nated structure of the as-sprayed condition is still
dominant (see Fig. 2(b)). The X-ray trace of this mate-
rial revealed it to be exclusively a-Al2O3. There was also
signi®cantly more open and closed porosity evident
than in the as-sprayed material, present as wide
intersplat cavities and equiaxed intrasplat pores and
nano-pores.

The most dramatic change in this material is by far the
total destruction of the splat-internal columnar structure,
or even any related lath-like structure. The splats are now
composed of small, slightly elongated grains (about 1�5
mm), with extensive internal porosity, which is both face-
ted (mirroring crystal orientation) and often aligned. Fig.
24 shows the typical polycrystalline internal composition
of a splat. The size of internal porosity is continuously
distributed. The smallest identi®able pores are about 10
nm. Some splats are so porous that their internal structure
is almost sponge like, reminiscent of the structures seen in
transition aluminas after extended dehydroxylation.39

The grains also contain a relatively high density of
dislocations, which often connect pores in rings, or form
dense networks (see, e.g. Figs. 24 and 25). Such pore-dis-
location con®gurations as seen, e.g. in Fig. 25, are com-
mon also in conventional high-alumina ceramics.38,40

Dense dislocation networks extend laterally across
grains and some may form low angle grain boundaries.
The SAED pattern in Fig. 26 is taken from a central
grain shown in Fig. 24 and shows the [ÿ2ÿ4 1] zone
axis of a-Al2O3. Traversing the electron beam along the
grain axis produced a small shift in the di�raction pat-
tern indicating a slight misorientation down the grain.
The low angle grain boundaries form to relieve the
strain of this misorientation and are similar to those in

Fig. 23. TEM micrograph of material heat treated at 1180�C for 12 h.

Dense networks of dislocations have formed indicating the material is

undergoing recovery after transformation.

Fig. 24. TEM micrograph showing the internal structure of a splat

after heat treatment at 1550�C for 12 h. The material has recrystallised

and is fully a-alumina. Elongated grains contain dense dislocation

networks and low angle grain boundaries.
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annealing twins observed in standard alumina materials
(see, e.g. Ref. 41).
Essentially, the bulk sprayed alumina after annealing

at 1550�C for 12 h is, apart from still possessing a pro-
cessing related splat structure, and a high degree of
transformation related porosity, on a microscale, very

similar to other sintered high alumina ceramic materials.
Internally, the splats seem to have undergone recovery
and recrystallisation.
It should be noted that despite the powder composi-

tion, which would normally be expected to result in
some glassy phase in a sintered product, all the electron
transparent regions investigated yielded well de®ned
SAED patterns. This indicates that there was little, if
any, glassy phase in this plasma sprayed alumina.

4. Discussion

Dilatometry has shown that there is little dependence
of thermal expansivity (up to the transformation to d-
Al2O3) on the alignment of the splats. This implies that a
model based on contact ligament expansion would be sui-
table to describe the initial thermal expansion behaviour of
this material.
The temperatures of the maxima of the dilatometry

curves, however, do show a dependence on the direction
of splat alignment. By extrapolating the expansion curve
from before the onset of transformation and taking the
di�erence in thermal strain after transformation, the
volume shrinkage on transformation may be estimated at
only 2.3 to 2.4%. This compares with an expected
theoretical shrinkage of 6.5% for a 65% g-Al2O3 and
35% a-Al2O3 material, estimated by rule of mixtures.
The lower than expected volume change on phase
transformation is con®rmed by the RT measurement of
permanent shrinkage.
Interpretation of the above data is problematic as lit-

tle consistent literature is available. Reported values for
the density of g-Al2O3 vary from 3.2 g/cm3 (Refs. 11
and 12), to about 3.67 g/cm3 (Refs. 1 and 42). The
density of y-Al2O3 is reported as 3.56 g/cm3 in Ref. 11,
and that of a-Al2O3 varies between 3.95 and 3.99 g/cm3

in Refs. 1, 42 and 43. In this paper, the ideal density of
g-Al2O3 was taken to be 3.55 g/cm3, since this is close to
the reported value for y-Al2O3 and between the
extremes.11, and that of a-Al2O3 as 3.95 g/cm3. This
notwithstanding, the results of estimations show the
same trends even if the other given values of density are
applied.
The lower than expected volume shrinkage could be a

result of residual or internal stresses and constraints on
morphological rearrangement during phase transfor-
mation. For example, the quenched in stresses should be
tensile in the plane of splat alignment as they are a
consequence of constraints on cooling contraction. This
should result in outward directed axial di�usion at ele-
vated temperatures. The a-Al2O3 to g-Al2O3 phase
change, however, requires a consolidation of matter.
Thus, the residual stress would cause directed di�usion
during transformation, resulting in the precipitation of
radially oriented, aligned internal porosity to compensate

Fig. 26. SAED pattern taken from a central grain in Fig. 24 showing

the [ÿ2ÿ4 1] zone axis of a-Al2O3.

Fig. 25. TEM micrograph showing that the pores in this recrystallised

material are also frequently connected by dislocations.
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for the opposing requirements. This would lead to a
delay in the onset of overall macroscopic shrinkage, and
hence the di�erence in temperature of the peaks of the
dilatometry curves. Since crystallographic texture is
thought to be absent, such a mechanism would also help
explain the striking dependence of the amount of
shrinkage observed during transformation to a-Al2O3 on
splat alignment. TEM evidence which revealed aligned
porosity and lath like grains in the a-Al2O3 material
before recrystallisation supports this postulation.
In the as-sprayed state, the splats have a highly non-

equilibrium phase composition and ultra-microstructure.
The primary deposited phase in the bulk is a g or near-g
modi®cation of alumina. Nevertheless, X-ray evidence
suggests that all four alumina modi®cations: g-Al2O3, d-
Al2O3, y-Al2O3 and a-Al2O3, co-exist in the bulk of the
as-sprayed state even though the starting powder was
completely a-alumina. During the course of the TEM
investigation, however, no y-Al2O3 was uniquely and
unambiguously identi®ed in the as-sprayed state.
The dominating splat internal morphology is that of

columnar grains indicating high rates of cooling. Since
both g-Al2O3 and a-Al2O3 may be found as columns of
similar size (in neighbouring splats), the cooling rates
must have been similar. Generally, it is often assumed
that g-Al2O3 nucleates ®rst from the melt. Much of the
a-Al2O3 present in the as-sprayed material is then
formed through a sequence of subsequent transforma-
tions according to the Ostwald step rule,44 i.e.
g!d!y!a-Al2O3. If this is the case, some transfor-
mation associated change in the morphology of col-
umns, such as the changes in porosity, twinning or
dislocations of the kind observed in arti®cially aged
material would be expected. However, little damage of
this kind was observed in the as-sprayed material.
Hence, it may be assumed that much of the a-Al2O3

nucleated directly from the melt. This would only be
possible through heterogeneous nucleation on pre-
existing a-Al2O3 crystallites which remained in the
rapidly and incompletely melted powder stream. This is
in agreement with the theories of Plummer and
McPherson.14,45 The formation of the transition alu-
mina phases present in the as-sprayed material may be
assumed to be controlled by homogeneous nucleation of
g-Al2O3 from the melt and subsequent transformation.
The orientation of the splat-internal columns implies
that the direction of heat removal is initially perpendi-
cular to the surface of the previous splat. This may
result in a portion of the previous splat being reheated,
allowing a partial transformation to one of the inter-
mediate phases.
A secondary, yet frequently observed source of a-

Al2O3 is inclusions of unmelted original powder
agglomerate particles (see, e.g. Refs. 19 and 46).
Although these particles account for only a little of the
a-Al2O3 in the material, they may have a signi®cant

e�ect on mechanical properties, because of their loose
structure, signi®cantly di�erent morphology, and espe-
cially poor interfaces they form with surrounding mate-
rial. It is probable that these are a result of the
atmosphere of gas that the powder particles, being
agglomerates, i.e. networks of material and cavities,
carry with them.
Despite the poor of contact between powder agglom-

erate inclusions and impinging splats, the splat internal
columnar structure still often forms normal to the sur-
face of the powder. In literature it has often been
assumed that in the absence of good contact, the direc-
tion of removal of heat is in the plane of the deposit
(see, e.g. Refs. 15, 17, 26 and 47). In the present case,
however, the tendency for the columnar structure to
remain perpendicular to the powder±splat interface
strongly suggests that the direction of heat removal
remains into the sprayed material, i.e. the powder particle.
Exposure to relatively low temperatures for ceramics

(e.g. 900�C), or high temperatures for short time, can
lead to substantial changes in phase composition. Pro-
gressive increase in order and the eventual formation of
block domain and high stacking fault density structures
indicates the g-Al2O3 transforms continuously via the
short range di�usion and re-ordering of vacancies and
cations to d-Al2O3. That many of the SAED patterns
can be indexed as both g-Al2O3 and d-Al2O3 suggests
that both phases share, to some extent, the same lattice.
This seems to remain largely unchanged during this
transformation. The evidence supports the mechanism
of transformation recently proposed by Wang48 and
Levin,49 who suggest that the transition aluminas
maintain an essentially cubic anion (oxygen) lattice
throughout transformation and only vacancies and
interstitial (aluminium) cations undergo rearrangement.
The transformation process is accompanied by the

segregation and condensation of point defects and
vacancies in the bulk and onto pre-existing pores,
resulting in an observed increase in splat-internal por-
osity. Additionally, although the main dehydroxylation
of the as-sprayed material is shown by TGA to have
occurred on heating between 250 and 390�C, it is also
possible that there is also a steady and continuing pro-
cess of dehydroxylation of the lattice during transition, as
there is in transition aluminas formed from boehmite.39

However, this does not necessarily explain the apparent
regimentation of the porosity. The lower than expected
loss of water on heat treatment (about 0.4% mass loss as
determined by TGA), agrees with the results of the loss-
on-ignition tests on transition aluminas reported recently
by Zhou.50 Previous reports led to the expectation of
much higher water loss, up to 4.9%. Zhou attributes the
discrepancy with the di�culties of accurately calibrating
the base line in TGA experiments. However, it also seems
logical that the amount of water contained in a transition
alumina derived from a hydrated alumina precursor
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would di�er from that contained in a transition alumina
obtained through nucleation and growth from a melt
derived from an a-alumina powder.
Prolonged heat treatment below the a-Al2O3 trans-

formation temperature results in a wide size distribution
of porosity and an increasing number of very small
pores only a few nanometres in size, which can only be a
consequence of the continuous nucleation of pores. This
can lead to a signi®cant increase in the surface area of
the material. There is an increase in the size and reg-
ularisation of pre-existing porosity, especially that
between intrasplat columns. Eventually, faceted poros-
ity interconnected by continuous dislocation lines are
formed. Such faceted grain junctions and intragranular
pores are, indeed, a common feature of sintered high
alumina materials. The faceting is thought to be an
equilibrium structure with the faces taking particular
crystallographic orientations.36,38,40 Pore-dislocation
assemblies have been observed in other sintered poly-
crystalline ceramics, where they are often associated
with pore±grain-boundary breakaway during sintering.
However, in the present case, the heat treatment tem-
peratures are too low to allow macroscopic sintering
e�ects.
As heat treatment continues, the d-Al2O3 orders and

in some areas eventually forms a block domain struc-
ture within the columns. Locally regions of twins may
be observed bounding regions of high ordering. The
observed domains (see Fig. 18) agree approximately in
size with those reported recently in a modi®ed d-Al2O3

phase thought to have formed by the ordering of
vacancies in g-Al2O3.

48 Dauger et al.51 also observed
such domains in plasma sprayed alumina heat treated at
950�C. More recently, however, Levin et al.49 obtained
lattice images of a new polytype of y-Al2O3, formed by
the ordering of cations, which revealed the presence of
both APB and twin type domain boundaries.
It is possible that the modulated internal contrast

observed within twinned regions is a result of micro-
twinning, i.e. when principle twin laths are themselves
internally twinned to produce a herringbone structure
similar to those seen in other ceramic systems, e.g. in
mullite or zirconia.52 However, since the contrast
received was always di�use and it was not possible to
resolve the image into individual twin domains, these
must be extremely small. Furthermore, the continuous
streaking seen in the SAED patterns of twinned areas,
indicates that the modulated contrast more likely results
from a very high density of planar defects such as
stacking faults. This would be consistent with a high
degree of ordering.
It is possible that twins form as a result of the neces-

sity to accommodate lattice strains and minimise stres-
ses which arise from constraints in neighbouring regions
as the transformation proceeds locally at di�erent rates.
Some stresses and strains may additionally have been

quenched in from the spraying process and have a sup-
plementary e�ect. The observed TEM contrast in
regions of twinning is very similar to that observed in
martensite laths of various materials, including some
ceramics.53 However, as the twins were formed during
an isothermal heat treatment, it is still unclear whether
they are formed through short range di�usional rear-
rangement, i.e. an isothermal decomposition of a parent
phase where the product has martensitic characteristics,
as may be seen in some materials, or through di�usion-
less, e.g. dilatational or displacive transformation.54 The
observed sequence of formation of twinned structures
con®rms the postulation of Bhatkal and Rajan,55 who
reported large scale twinning in a largely d-alumina
material, that such structures are directly a consequence
of the transformation process.
It was unfortunately not possible to image the twin-

ned region in high resolution electron microscopy
(HREM), and it has not yet been possible to uniquely
identify which phase forms these twins. In this investi-
gation the SAED patterns of twinned structures were
found to correspond very closely to d-Al2O3. However,
as the X-ray traces indicate that this material may con-
tain a little y-Al2O3, and as this was not identi®ed else-
where, it is possible that the twinned structure is that of
the monoclinic y-Al2O3 phase. Multiply twinned struc-
tures, identi®ed as y-Al2O3, were also found by Wilson39

to form during phase transformations on heating boeh-
mite. (It should be noted that the positive and unam-
biguous identi®cation of y-Al2O3 by electron di�raction
requires the application of HREM techniques, since
many of the d-spacings in all three transition alurninas
considered here are nearly identical56,57.)
Although at higher temperatures there is some evi-

dence for the formation of y-Al2O3, the relatively small
amounts detected implies that the formation of y-Al2O3

does not seem to be a requirement for eventual trans-
formation to the thermodynamically stable a-Al2O3

phase. Transformation routes omitting the y-phase have
been reported for plasma-sprayed alurnina with chro-
mia additions,16 and the formation of y-Al2O3 may be
particle size or constraint dependent.12 Indeed, accord-
ing to Ref. 57, no conclusive evidence of the necessity for
d-Al2O3 to ®rst transform to y-Al2O3 before transform-
ing to a-Al2O3 has yet been reported. The apparent
continuity of the transformations supports Ervin's pos-
tulation58 that the transition aluminas may be considered
order±disorder forms of the same species and Levin's49

view that d-Al2O3 may be considered a superstructure of
g-Al2O3.
The splat internal columnar structure is retained to

some extent throughout transformations of the transi-
tion aluminas. However, the ®nal transformation to a-
Al2O3 (at about 1180

�C) is reconstructive, requiring the
activation of long range di�usion, which is enhanced by
the low energy paths o�ered by dislocations. It results in
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the replacement of this structure by a structure of self
accommodating lath of ®ne acicular a-Al2O3 grains and
is always accompanied by the formation of very ®nely
dispersed, faceted intrasplat pores and the opening of
intersplat boundaries. It is possible that the pores
nucleate to accommodate the large volume change
which accompanies the transformation of transition
aluminas to the stable a-Al2O3 phase. The internal
structure that forms is initially related to the parental
columnar structure, which is not surprising as transfor-
mation product phases often retain morphological and
crystallographic relationships to their parent phases.
Eventually, a recovery structure is formed with dis-

location rings and networks forming low angle grain
boundaries to accommodate strains arising from con-
straints and volume change during transformation.
Such structures are also common in material after
recrystallisation. It is not clear whether these disloca-
tions nucleate due to thermal stresses and migrate to be
trapped by pores, or they already exist and pores form
on them in consequence of easier di�usion paths o�ered
to defects. The latter scenario is supported by the
observation that regions with high dislocation density,
e.g. forest dislocations, are often bounded by pore
denuded regions.
Despite the activation of long range di�usion, trans-

formation may occur without the onset of large scale
sintering between splats, as indicated by the actual
increase in porosity. Thus, it is possible to achieve a
thermally stable a-Al2O3 material which retains an
elongated lath internal structure and high intersplat
(and intrasplat) porosity.
Extended exposure to temperatures close to standard

sintering temperatures (e.g. 1550�C) eventually results in
the complete recrystallisation of the internal sub-
structure. The splat internal columnar substructure is
completely destroyed. However, the quasi-layered splat
structure may be largely retained. The splat internal
structure is slightly less porous than just after transfor-
mation to a-Al2O3. But porosimetry measurements have
shown this change to be largely due to a reduction in
closed porosity. There is only a small change in the open
porosity. Hence, it may be assumed that little macro-
scopic sintering has taken place. Essentially, the alumina
of the splats after recrystallisation may be considered to
be the same as conventionally produced alumina.
Four main types of porosity have been identi®ed in

the as-sprayed material: (1) large spherical, intrasplat
pores which originate from the entrapment of gases in
molten particles, and ®nely distributed, amorphous
looking porosity originating from ®nely dispersed or
dissolved gasses in the melt; (2) hemispherical pores
resulting from gas trapped between the surface of a
solidi®ed splat and an impacting molten or viscous par-
ticle; (3) large plate-like intersplat pores resulting from
the agglomeration of type 2 porosity, or simply bad splat

contact; and (4) thin vertical agglomerations of pores
which form between the internal columns of a splat on
cooling. The last two types of porosity and, additionally,
cracking of columnar interfaces due to thermal or impact
stresses are certain to have a profound e�ect on the
strength and fracture behaviour of the as-sprayed mate-
rial. The results of preliminary investigations into the
e�ects of healing such mechanically weak links have
shown that signi®cant improvements in strength and
fracture characteristics may be realised.6,59

In addition to the morphological classi®cations of
pore types suggested in recent literature, e.g. chamber
pores, intersplat pores and vertical cracks,30,31 it may be
possible to facilitate the description of the condition and
evolution of a sprayed and annealed alumina by intro-
ducing the classi®cation transformation conditioned
porosity for the in-situ precipitation and changes in
morphology of porosity during transformation. This por-
osity developed on transformation may have a consider-
able e�ect on the chemical and mechanical properties of
the material. For example, if porosimetry results are taken
as absolute, then, despite negligible change in overall por-
osity up to the reconstructive phase change (as shown in
Fig. 7), there is a relative increase of about 0.4% in the
amount of open porosity as compared to closed porosity.
This small macroscopic change may be estimated to con-
tribute between 1500 and 7500 cm2/g of new surface area
if the new pores are estimated to have diameters of
between 10 and 50 nm (see, e.g. Fig. 14(a)). The develop-
ment of such porosity and the concomitant increase in
surface area may signi®cantly e�ect the chemical activity
of such material.

5. Summary and conclusions

Bulk spraying alumina powders results in a material
with a quasi-laminated microstructure, consisting pri-
marily of layered splats with a pronounced substructure.
Rapid cooling phenomena are responsible for the greater
part of the morphology. Post deposition heat treatment
causes signi®cant changes in the phase composition and
microstructure.
The material in the as-sprayed state consists primarily

of metastable gnear-Al2O3 (or d-Al2O3) and g-Al2O3 and
about 35% thermodynamically stable a-Al2O3. The
gnear-Al2O3 and g-Al2O3 exist as columnar intrasplat
grains. Alpha alumina has two sources: it may be found
as incompletely melted original powder particles, but
the greater part is present as columnar grains which
nucleate heterogeneously from seeding a-Al2O3 crystal-
lites in the melt. These seeds must be parts of frag-
mented and incompletely melted original powder
particles. The impingement zones between columnar
grains within splats are areas of crystallographic mis-
match or the agglomeration of porosity, and are likely
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to be a source of mechanical weakness. Although some
g-Al2O3 may begin to transform in consequence of post
deposition heating by subsequent material aggregation,
transformation to a-Al2O3 after initial deposition is
negligible unless external heat treatments are applied.
The thermal expansion coe�cient of as-sprayed

material increases from 4.5�10ÿ6 to 8�10ÿ6 Kÿ1 for
temperatures between 400 and 1000�C, above which the
phase change begins to have an ever increasing e�ect.
Thermal expansivity at lower temperatures is not depen-
dent on splat orientation. The onset of transformation to
a-Al2O3 results in orientationally di�erent rates of
shrinkage and material consolidation is about 60%more
in the radial (spray) direction as in the axial or tangential
(in-plane) directions. The overall shrinkage is much less
than expected. This is accounted for by a considerable
increase in intrasplat porosity that accompanies
transformation. The di�erent residual shrinkage after
transformation may be attributed to alignment of this
porosity.
Despite the high g-Al2O3 content of the as-sprayed

material, the loss of water on heat treatment (0.4% mass
loss) is less than would be expected when compared to a
boehmite derived g-Al2O3. It is thought probable that
the water content of g-Al2O3 which nucleated and grew
from a melt is di�erent to that derived from mineral
precursors.
The phase transformation from g to d-Al2O3 is a con-

tinuous order±disorder transformation. Although some y-
Al2O3 was detected in the heat treated material, no con-
clusive evidence was found for the necessity for g-Al2O3 to
pass through the whole transition transformation
sequence, i.e. g!d!y!a-Al2O3. It is likely that the g-
Al2O3 can transform to a-Al2O3 via only the d-Al2O3

intermediate. The high degree of order required by the
later stages of transformation leads to the formation in the
microstructure of block domains and regions of twinning.
HREM would be required for unique and unambiguous
identi®cation of the phase systems formed.
During transformation through the transition alumi-

nas there is a steady and continuous precipitation of ®ne
nano-sized porosity as a result of the ordering process
and consolidation of defects in the material. This
increase is not reliably determinable by Archimedean
porosimetry due to the insensitivity of this technique to
changes in closed porosity if these are accompanied by
changes in the density of the solid. The interpretation of
Archimedean porosimetry is, in any case, di�cult due to
inconsistent literature data on ideal densities. Further-
more, it has been shown that Archimedean porosimetry
can deliver consistent and reliable estimations of closed
and open porosity only if immersion times are su�-
ciently long to allow penetration of extremely narrow
cavities. Overnight soaking under light vacuum, a com-
monly applied experimental procedure, does not ful®l
this requirement.

The columnar substructure of the splats is maintained
throughout the transition phase changes and is nomin-
ally present even after the ®nal reconstructive transfor-
mation to a-Al2O3. The transformation to a-Al2O3

takes place at about 1180�C. The rates of transforma-
tion are not necessarily fast and residual transition
phases may be found even after 12 h at this temperature.
A signi®cant jump in open and closed porosity is asso-
ciated with this phase change, despite macroscopic
shrinkage.
Further heat treatment close to sintering temperatures

can lead to the recovery and recrystallisation of the
splat internal microstructure. This process results in a
signi®cant increase in the mechanical integrity of splats.
It is also associated with a slight drop in the amount of
closed porosity whereas the open porosity remains
unchanged. Little macroscopic sintering takes place
even after 12 h at 1550�C.
The consolidation of material defects, the need to

minimise stresses caused by constraints and, probably,
continuing dehydroxylation during the transformation
process lead to the formation of very ®nely dispersed,
faceted internal porosity and eventually the appearance
of dislocation rings and networks. Dislocations provide
easy di�usion paths and therefore play an important
role in microstructural development.
In addition to commonly used morphological classi®-

cations of porosity a new classi®cation transformation
conditioned porosity may be applied to describe the
evolution of the material during heat treatment.
The systematic heat treatment of a plasma sprayed

alumina may be used to obtain materials with a variety
of phase compositions and ultra-microstructures. It is
possible to obtain thermally stable plasma sprayed alu-
minas (approx. 100% a-Al2O3) with greatly di�ering
ultra-microstructures, whilst largely retaining their
characteristic quasi layered splat structure. Di�erent
heat treatments should result in materials with di�erent
mechanical properties.
The investigation of the e�ects of heat treatment on

mechanical properties of plasma sprayed alumina is the
subject of a future work.
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