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Abstract

Bulk plasma spraying Al2O3 produces a material with a defect rich splat-internal microstructure and a non-equilibrium phase

composition which are both subject to extensive change by heat treatment. In the present work heat treatment induced changes in
the strength, fracture and thermoshock characteristics of this material have been investigated and related to microstructural devel-
opment. It is found that the as-sprayed intrasplat defect structure provides low energy paths for crack propagation. This results in

low toughness and strength but excellent thermoshock resistance. Heat treatment increases overall porosity, but heals the defect
structure and increases splat integrity, leading to a large increase in strength, accentuated R-curve behaviour and a disproportionate
increase in toughness, but also a reduction in thermoshock resistance. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Plasma spraying provides an economically viable way
of producing ceramic components where production by
conventional routes would be expensive or restricted
due to post-processing or size. Typical products range
from large pipes and transport rollers for operation at
high temperatures to smaller ®bre guides and sleeves for
wear resistance. Deposit thickness can be varied from
several micrometres for coatings to tens of millimetres
for free-standing components. Both coatings and free-
standing components can have excellent mechanical
properties such as high damage tolerance and thermal
shock resistance.1ÿ4

Earlier works on plasma-sprayed materials have lar-
gely concentrated on coatings. However, a considerable
body of empirical work has built up on bulk sprayed
material over time. In an early work, Lutz5 described
the elastic response, strength, fracture and thermoshock
behaviour of several plasma-sprayed ceramic systems,
including alumina, in the as-sprayed and annealed
(post-sintered) states. Although very low strength values

were reported, their fracture resistance and thermo-
shock resistance was exeptionally good. However, all
the plasma-sprayed materials exhibited considerable
anisotropy in their mechanical response, see e.g. Refs. 6
and 7, and in a subsequent work, it was found that the
thermoshock resistance of plasma-sprayed ceramics is
subject to some sample size dependence.8 Moreover,
strength and fracture resistance could be signi®cantly
increased by the post-sintering heat treatments.9 In a
more recent work,10 it has been shown that the sti�ness
of bulk plasma-sprayed deposits also exhibits consider-
able anisotropy and elastic constants are also subject to
signi®cant change and eventual increase upon heat
treatment. As these works are largely empirical, how-
ever, few clear and fundamental mechanistic explana-
tions of the observed behaviour are given, although
several inspired suggestions are made.
Clearly, the properties of plasma sprayed ceramics,

and especially the di�erences to properties of con-
ventionally sintered ceramics, can be traced back to
their porous, anisotropic, layered splat microstructures,
which are a consequence of the deposition process.11,12

Furthermore, as-sprayed ceramic systems are frequently
deposited as mixtures of stable and metastable
phases.13ÿ16 It is known that subsequent thermo-
mechanical loading can lead to extensive changes in the
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microstructures, and hence properties, of the deposited
ceramic.17ÿ19 Thus, after spraying, components are
often subjected to heat treatments to aid homogenisa-
tion of the phase system and reduce porosity. Such
treatments are particularly common in the alumina sys-
tem where plasma spraying is known to result in the
simultaneous deposition of several metastable transition
phases, viz. g, d and y-Al2O3. These must go through a
thermally activated reconstructive transformation to
become thermodynamically stable a-Al2O3. However,
the heat treatments applied in industry are usually arbi-
trarily chosen to simply achieve a material with thermal
stability or induce apparent post-deposition sintering.
An understanding of the relationships between chan-

ges in microstructure resulting from heat treatment and
the related e�ects on properties would facilitate the
ability to engineer plasma-sprayed ceramics with di�er-
ent property±microstructure con®gurations. For
instance, in Ref. 9 it was noticed that, contrary to
expectation, fracture in as-sprayed material was largely
transgranular, through fractured splats, whereas that in
material heat treated for 4 h at 1550�C, to convert the
material to a-Al2O3 and induce splat sintering, occurred
mainly intergranularly, involving delamination along
intersplat interfaces. It was suggested that a splat inter-
nal substructure in the as-sprayed material provided
weak paths for crack propagation, and that annealing
caused healing of these pre-existing easy crack paths,
thereby forcing crack deviation. These weak crack paths
were thought to arise for a number of reasons: internal
grain structure, impact damage and thermal (quench)
cracks.
In a complementary work to this20 the evolution of

the microstructure and substructure of a bulk plasma-
sprayed alumina with heat treatment have been system-
atically investigated. It is the objective of the present
work to achieve a clear mechanistic understanding of
the thermomechanical behaviour of the same alumina
material by investigating its fracture behaviour,
strength, and thermoshock resistance as this changes
with heat treatment and relating changes to the accom-
panying development of the microstructure.

2. Material evaluation and experimental procedure

2.1. Material and microstructure

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
powder agglomerate (Alcoa CT100, 99.5% a-alumina,
with individual crystallite size between 2 and 5 mm) onto
a removable steel mandrel in a series of sets of passes,
between which the material was allowed to cool to

reduce thermal stresses. The ceramic cylinder produced
had a wall thickness of about 80 mm. The as-sprayed
material had a porosity of about 13%.20 All samples
were cut from the bulk to avoid substrate in¯uence, e.g.
substrate-deposit cooling e�ects.
Heat treatments were carried out with a hold time of

12 h at 900, 1050, 1180 and 1550�C. These temperatures
were chosen on the basis of the transformation tem-
peratures for the various metastable alumina phases
given in literature.21,22 The last heat treatment is just
below a common sintering temperature for alumina
materials,23 and is similar to treatments applied in
industry to consolidate and make thermally stable
sprayed products. The samples were heated in air at
5�C/min and furnace cooled to RT.
X-ray phase analysis, transmission electron micro-

scopy (TEM), scanning electron microscopy (SEM),
optical microscopy, fractography and Archimedean
porosimetry were conducted to characterize material
development. Details of the techniques applied may be
found in Refs. 9 and 20.

2.2. Evaluation of fracture and thermoshock
characteristics

Fracture characteristics were investigated in situ on
compact tension (CT) samples in a Leica Cambridge
stereoscan 440 SEM using a purpose-built displacement
controlled loading device.24 The samples were prepared
with a machined notch cut perpendicular to the splat
layers, which was then manually sharpened using a
razor blade to a notch tip diameter of about 100 mm in
order to minimise notch width in¯uence.25,26 The sam-
ples were sputtered on one side with a fairly thick gold
coating before testing. Crack propagation caused this
coating to crack, and the crack ¯anks accumulated
charge giving rise to contrast and allowing the in situ
observation of crack progress. (Unfortunately this can
also have the e�ect of diminishing the quality of the
image observed or recorded.) Sample dimensions and
splat orientation may be seen in Fig. 1a. Fracture
toughness, KIc, was evaluated from load and respective
crack length a according to KIc = Y�a1/2, where s is
applied stress and Y is the geometric correction factor,
as given in Ref. 27.
Thermoshock tests were conducted using standard

small beam samples (3�4�45 mm3) cut so that the
splats lay in a plane parallel to the tensile surface of the
beam, Fig. 1b. The edges of the tensile surface were
chamfered at 45�. However, because of the cracked
nature of the microstructure it was not felt necessary to
polish the tensile surface. The samples were held in a
magazine and heated in a vertical cylinder furnace at
5�C/min until test temperature was reached. They were
then dropped about 50 cm into a sieve in cold water. A
mixer was used to keep the water continuously
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circulating to reduce the insulating e�ects of vapour
layer build-up. The samples were then dried in air at
70�C for 30 min and tested in 4-point bending (outer and
inner span 40 and 20 mm, respectively) and ¯at support
at room temperature for residual strength. This was cal-
culated using maximum load before fracture according
to the evaluation procedure prescribed in DIN 51110.28

3. Results

3.1. Microstructure, porosity and phase analyses

To facilitate a clear understanding of the relationship
of the microstructure and the mechanical properties of
this material, a brief summary of microstructural and
phase development with heat treatment is given here. A
comprehensive description is given in Ref. 20.
When the sprayed cylinder was observed optically in

cross-section, rest lines or bands were evident, Fig. 2.
These corresponded to the beginnings of the various sets
of passes. However, they were very di�cult to identify
in SEM analyses. Generally, rest bands may be recog-
nised in ceramographic sections as continuous bands of
increased porosity and breakout of material during
specimen preparation, but it is di�cult to de®ne their
bounds. It was noticed, however, that on one edge of a

rest band porosity increased abruptly, whereas on the
opposite side it reduced gradually until no discernible
di�erence to background porosity was identi®able. The
quasi-layered splat structure and one edge of a rest band
are clearly seen in the optical micrograph in Fig. 2. The
rest bands and the quasi-layered splat structure were
retained after all heat treatments. Inclusions of original
a-Al2O3 powder agglomerates were also frequently
observed within the microstructure.
The as-sprayed material was found to contain a mix

of about 65% g and g-near transition phases and 35%
a-Al2O3. The transition phases increasingly transformed
to a-Al2O3 with progressively hotter heat treatment.
Transformation was almost complete after the treat-
ment at 1180�C. After heat treatment at 1550�C, the
material was 100% a-Al2O3.
Archimedean porosity measurements, summarised in

Fig. 3, show the overall porosity remains almost
unchanged up to the reconstructive transformation to a-
Al2O3. This transformation is accompanied by an
increase in porosity of about 4%, despite it requiring a

Fig. 1. Sample geometry and splat orientation: (a) CT sample for

fracture toughness testing (a is e�ective notch length, W is e�ective

sample width), and (b) a bending beam sample in a ¯at support.

Fig. 2. Position and appearance of rest bands in a sprayed cylinder.

The micrograph shows two distinct regions. In the upper part, mate-

rial in a rest band can be seen. There is much more breakout indicating

weaker cohesion that in the lower part, which shows neighbouring

``normal'' material.

Fig. 3. Development of porosity with heat treatment.
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consolidation of material. The heat treatment at 1550�C
reduced porosity less than 1%, indicating little overall
sintering had taken place.
The splats of the as-sprayed material had an internal

columnar substructure, the columns being between 0.2
and 1 mm wide. An overview of splat substructures is
given in the TEM micrograph in Fig. 4a. Cracking
between columns can be seen. Selected area electron
di�raction (SAED) showed that neighbouring columns
have di�erent crystallographic orientations. Agglom-
eration of porosity was observed at the columnar inter-
faces. Agglomeration of porosity and crystallographic
mismatch may both contribute to weakening these
interfaces. Generally, the as-sprayed material contains a
high concentration of internal defects.
TEM observation of the microstructure after anneal-

ing at 900 and 1050�C for 12 h revealed no dramatic
change from the as-sprayed condition. Intra-columnar
porosity, however, became more pronounced, a feature
not detected by porosimetry, probably because of the
limited sensitivity of the Archimedean technique. This
initial precipitation of porosity was most probably due
to the condensation and rearrangement of quench
defects out of the material as suggested in Refs. 29 and
30. These pores should not be confused with the micro-
crack formation sometimes observed on annealing due
to the thermal expansion mismatch between neighbour-
ing columns and splats. Such cracking leads to increased
inter-columnar and inter-splat porosity Ð in fact, due to
the TEM preparation techniques applied it is not possi-
ble to distinguish such thermal mismatch cracking from
sample preparation damage.
Twelve hours at 1180�C allowed the material to

transform almost completely to a-Al2O3. The columnar

splat-substructure typical of the as-sprayed material had
been replaced by a structure of self accommodating
laths, Fig. 4b. The amount of porosity also visibly
increased. The new laths, however, were reminiscent of
the original columnar substructure. Numerous disloca-
tions were identi®ed and some formed dense networks.
The splats were beginning a recovery process.
After 12 h at 1550�C the material was entirely a-

Al2O3. The splat internal columnar and lath-like sub-
structures had been completely replaced by small,
slightly elongated grains. However, macroscopically, the
basic quasi-laminated splat structure still prevailed. Fig.
4c shows the typical polycrystalline internal composi-
tion of a splat. Porosimetry showed porosity to be only
slightly less than in the material after 12 h at 1180�C,
indicating a small degree of sintering. Essentially, on a
microscale this material was very similar to other sin-
tered high alumina materials. Internally, the splats had
undergone recrystallisation.

3.2. Fracture characteristics

The crack resistance of the samples was evaluated
from the applied load and corresponding crack length
according to ASTM standard E 399.27 However, in the
majority of cases, the crack projection method31 had to
be applied, as the cracks tended to quickly veer away
from the plane of the notch. This method provides a
conservative estimate of the fracture toughness and is
valid if the deviation of the crack is not excessive. In
cases where the deviation was greater than 35� no cal-
culation of the fracture toughness was made. A sum-
mary of the results is presented in Fig. 5. For simplicity,
values from di�erent samples having undergone the

Fig. 4. TEM micrographs of internal substructure of splats: (a) columnar structure of as-sprayed splats, (b) lath structure after transformation to a-
Al2O3 at 1180

�C, (c) recrystallised grains within one splat after heat treatment at 1550�C for 12 h.
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same heat treatment are given the same symbols. In Fig.
5, results from a previous investigation 9 are also pre-
sented as open symbols. Although it is thought that
factors such as specimen size and varying pre-notch
depths can a�ect the absolute crack resistance deter-
mined,32,33 the experimental conditions applied in this
study were deemed similar enough to those in Ref. 9 to
allow comparison.
The material exhibited pronounced R-curve beha-

viour in all conditions where extended controlled crack
advance was achieved. In materials before the recon-
structive transformation the fracture toughness rises
sharply in the initial phase of crack advance, i.e. in the
short crack range (within about 30±40 mm of crack
growth), and then continues in the long crack range to
rise at a much lower rate towards a plateau value. The
initial toughness of the as-sprayed material is about 0.55
MPa m1/2 and rises to a plateau of about 1.2 MPa m1/2.
The fracture surface of a splat in the as-sprayed condi-
tion is shown in Fig. 6a. The columnar internal struc-
ture is clearly recognisable.
After the heat treatments at 900 and 1050�C fracture

toughness increases sharply. However, the main
increase in toughening takes place in the early regime of
crack growth. The rate of increase in toughness is higher
for the material heat treated at 1050�C than for the
material heat treated at 900�C. Both material conditions
exhibit similar long crack fracture toughness at between
1.5 and 2 times that of the as-sprayed material. It is

interesting to note that the rate of increase of fracture
toughness is similar for as-sprayed material and heat
treated materials in the long crack range.
After the phase transformation to a-Al2O3 at 1180

�C
the initial toughness jumped to around 2.3 MPa m1/2.
The fracture surface shown in Fig. 6b shows clearly just
how similar the lath substructure of splats in this mate-
rial is to the foregoing columnar substructure of the as-
sprayed material. The toughness increased with crack
extension at a higher rate than in the long crack range
of materials before transformation. A corresponding
short crack range could not be identi®ed. The longest
stable crack extension in this study was achieved on
material in this condition. The highest valid toughness
recorded was about 4.75 MPa m1/2, an increase of about
100% on the initial value of this material and about 8.8
times higher than the initial fracture toughness of the
as-sprayed material.
In the two samples heat treated at 1550�C for 12 h the

crack advanced immediately after initation perpendi-
cular to the plane of the notch and the specimens failed
by intersplat delamination. Thus only an initiation
fracture toughness can given at around 3±3.2 MPa m1/2.
This was up to 45% higher than that of material heat
treated at 1180�C, and almost 6 times the initial fracture
toughness of as-sprayed material. The fracture surface
of a splat after heat treatment at 1550�C for 12 h is
shown in Fig. 6c. Equiaxed or slightly elongated grains
are dominant indicating recrystallisation.

Fig. 5. Change in fracture toughness with crack extension. Open symbols refer to data from previous investigation on similar material.
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Stable, straight crack propagation was achieved in all
materials except that treated at 1550�C for 12 h. It was
frequently observed that the crack de¯ected at or around
included not completely melted powder particles. Crack

de¯ection was more pronounced in heat treated materi-
als. In all materials heat treated at less than 1550�C
cracks tended to deviate eventually at about 30±35� to
the plane of the notch and ®nal failure usually occurred
by sudden delamination. Post-fracture examination
revealed this frequency occurred along rest bands.
Occasionally, delamination perpendicular to the plane
of the notch was seen to start even before the crack
front had reached the rest band, see Fig. 7.
Achieving straight crack growth became progressively

more di�cult with increasing temperature of heat treat-
ment. The amount of crack de¯ection and splitting was
also seen to increase. Post-fracture examination of the
fracture surfaces revealed a cog-tooth topography in the
vicinity of the notch tip, typical of neighbouring splats
which have broken across their thickness in di�erent
planes and have been pulled away from each other. The
amount of delamination increased as the crack pro-
gressed. In the case of the tests made on material heat
treated at 1550�C, the fracture surface showed virtually
no sign of crack advance through splats. In general,
the main toughening mechanisms observed operating
were crack ¯ank bridging, crack hinging, crack de¯ection

Fig. 6. Fracture surfaces of splats in (a) as-sprayed material, (b) after

annealing at 1180�C for 12 h, and (c) in recrystallised material after

heat treatment for 12 h at 1550�C. The micrograph in (a) is at a lower

magni®cation to allow better visualisation of the splat layering and

general fracture surface.

Fig. 7. (a) Overview of typical crack path, also showing delamination

begining ahead of crack tip; and (b) higher magni®cation of typical

crack path in short crack range: cog-tooth appearance of broken

splats acting as bridging ligaments.
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and crack splitting. A typical fracture path is shown in
Fig. 7.
A slight load relaxation was also seen to occur during

extended hold times during loading, e.g. in order to
conduct crack length measurements. Such rest periods
were subsequently kept as short as possible to minimise
this e�ect.

3.3. Thermoshock

The results of strength and thermoshock tests are
shown in Fig. 8. The as-sprayed material has a strength
of about 22 MPa. A small increase in the strength of the
material may be associated with the 900 and 1050�C
heat treatments. Surprisingly, the strength of these three
materials does not deteriorate after even a hard ther-
moshock of 1200�C. The reconstructive phase changes
to a-Al2O3, after heat treatment at 1180�C, however, is
associated with an appreciable (about 100%) increase in
strength. In this material the strength does not deterio-
rate for thermoshocks up to 300�C. Residual strength
continuously deteriorates for thermoshocks harder than
this and with increasingly severe thermoshock tends to
the value of the as-sprayed material.
The material heat treated at 1550�C for 12 h has an

initial strength almost 3 times as high as that of the as-
sprayed material, but this drops rapidly after a thermo-
shock of between 100 and 200�C. The strength of this
material also tends towards that of as-sprayed material
with increasing thermoshock severity. The residual
strength of all material conditions after a thermoshock
of 1200�C is about the same as that of as-sprayed

material. In no case was a sudden drop in residual
strength observed.
Fig. 9 shows sections through the microstructures of

as-sprayed material, material after heat treatment at
1550�C for 12 h, and this material after a thermoshock
of 1200�C. The sections were prepared under the same
conditions and are, therefore, comparable. The splats of
the as-sprayed structure show very ®ne internal trans-
versal cracking. This can be seen in Fig. 9a, which, to
highlight the ®ne cracks, is at a much higher magni®ca-
tion than the other two micrographs. This cracking is
not evident on material after the heat treatment (Fig.
9b), but reappears on the material after it has experi-
enced hard thermoshock (Fig. 9c). However, after ther-
moshock the cracks are not as ®ne, nor as ®nely
dispersed through the material, as in the as-sprayed
material. Comparison of the micrographs also indicates
that the cohesion between splats, especially ®ne splats, is
also increased by heat treatment.

4. Discussion

4.1. Toughness and toughening

The in situ SEM technique used here for fracture
toughness evaluation provided especially good resolu-
tion in the early stages of crack growth. The present
results agree well with those of the previous investiga-
tion.9

Fracture toughness in the as-sprayed condition is sub-
stantially lower than that of a conventionally sintered

Fig. 8. Four point bending strength of material after di�erent heat treatments, before and after thermoshock.
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alumina. It is clear from Figs. 6a and 7 that in the as-
sprayed condition the crack ®nds a path between
columnar interfaces. TEM investigation has shown
these to be areas of agglomerated porosity, crystal-
lographic mismatch or other splat-transversal cracks
and defects.20 Healing of these defects or consolidation

of this porosity with heat treatment ®rst leads to an
increase in the mechanical integrity of the splat making
easy crack paths less accessible. Transformation to a-
Al2O3 causes further consolidation of the micro-
structure by replacing columnar grains with interfacial
mismatch by a system of self-accommodating laths.
However, the boundaries between laths seem to o�er a
similar easy fracture path to the preceding columns. The
resemblance of these new laths to the columnar grains
before transformation may be seen from the fracture
surface in Fig. 6b. A reduction in internal quench stres-
ses must be concurrent with the consolidation of defects
during morphological transformation. Both factors
must be responsible for the jump in toughness and, as a
consequence, in strength observed despite the transfor-
mation related increase in porosity.
Further annealing leads to an increase in intersplat

cohesion and to the recrystallisation of the splat-
internal structure, thereby making crack propagation
through splats increasingly di�cult. The increasing
integrity of the splats may be readily inferred from the
polycrystalline nature of the fracture surface of a splat
after heat treatment at 1550�C, see Fig. 6c. Conse-
quently, cracks are forced to greater deviation, despite
the better cohesion of splats, and the toughness of the
material improves and increases towards and above that
expected of sintered, dense aluminas.
On observing crack initiation and advance, it was

noticed that a crack tended to appear at a notch tip and
advance through the ®rst few splats in its path with
relatively little de¯ection (Fig. 7b). It then began to
de¯ect around large blocks of material and deviate away
from the plane of the notch, typically at an angle of
between 30 and 35�. It would then either be de¯ected
further from, or back into the plane of the notch (Fig.
7a). Thus, there was clearly a transition between rela-
tively straightforward crack advance in the short crack
range, and the formation of large crack bridging liga-
ments in the long crack range. In the long crack range the
crack also frequently underwent splitting and branching.
Since samples typically ®nally failed suddenly by

delamination along intersplat interfaces in the rest
bands, these are evidently the most mechanically weak
regions in the material. This is supported by their
appearance as areas of increased porosity after ceramo-
graphic sectioning. Their weakness may be explained if
there is a lesser degree of bonding achieved between
splats at the start of any spray procedure, when the
substrate is cool, than after it is well under progress and
the substrate has had time to warm up: warm substrates
are well known to promote better adhesion.34 Such a
mechanism would explain why one edge of the rest band
appears sharp and the other more di�use. The rest
bands identi®ed are similar to the interlayer porosity
described by Kudinov,35 although the scale of the
deposited layers is much larger in the present work.

Fig. 9. Integrity of splats in (a) as-sprayed condition, (b) after heat

treament at 1550�C for 12 h, and (c) after heat treatment at 1550�C for

12 h and thermoshock of �T=1200�C.
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The continuing crack advance even during periods
when cross-head displacement was held constant implies
that there is a certain inherent inertia in the fracture
process and the material relaxes high stress concentra-
tions by some time-dependent damage and deformation
process. This is probably due to internal fracture of
individual splats, the ligaments of which then slide over
each other as the crack opening increases resulting in
frictional redistribution of load. As a consequence, it is
also likely that there is no clearly de®ned crack front,
but rather a di�use damage zone.
As seen in Fig. 5, toughness increases in the short

crack range at a rate higher than 10 MPa m1/2/mm,
whereas in the long crack range it increases at a rate of
(1...4)�10ÿ3 MPa m1/2/mm, which is four orders of
magnitude lower, as schematically shown in Fig. 10.
Thus, it is clear that di�erent toughening mechanisms
must dominate in each crack range.
In the short crack range the crack advances by

breaking through splats (i.e. the crack advances per-
pendicular to the plans of the splats) and the initial
toughening increment is a consequence of the mechan-
ical interlocking and pull out of broken splats from their
sockets. This leads directly to the typical cog-tooth
fracture topography, an example of which is seen clearly
in Fig. 6b. Thus the longer the segment that has to be
pulled out, the greater the toughening increment per
splat. The low toughness and toughening of the as-
sprayed material may be explained by the fact that
cracks can easily advance through splats by using the
many low energy paths provided by the interfaces
between neighbouring intra-splat columns and pre-
existing transversal cracks due to residual thermal
stresses. Thus the segments of splats pulled out are cor-

respondingly short. It follows that, any reduction in the
number of weak crack paths available, i.e. improvement
in the integrity of individual splats, will result in longer
segments being pulled out and, therefore, in a signi®cant
increase in toughness in this short crack range. This is
what is observed in the material heat treated at 900 and
1050�C. Toughness continues to increase rapidly until
an equilibrium condition is reached. As seen from Fig. 5
this occurs after 30 to 40 mm of crack advance.
In order to understand the fracture behaviour better,

it is instructive to consider a simple, qualitative model,
which takes into account the e�ects of the peculiar cog-
tooth-like pull-out of broken splatsÐsee Appendix.
(Several related models for conventional and ®bre rein-
forced materials may be found in literature, see e.g.
Refs. 36 and 37±40.) Applying this model shows that if
the shearing stress between splats does not change after
heat treatment at 900 and 1050�C, an increase of only
60% in ®bre pull-out length is required to achieve the
magnitude of toughening seen in these materials in the
short crack range. This would, for example, correspond
to a change in pull-out length from 10 to 16 mm and is in
the range of pull-out lengths observed, see e.g. Fig. 7b.
After the crack has advanced su�ciently, other

mechanisms of toughening can take e�ect: the crack
may be forced to de¯ect around localised areas of better
mechanical stability, or be o�ered easier paths by areas
of relative weakness, resulting in crack splitting and an
increase in fracture area; or, large blocks of material
which have been circumvented by the advancing crack
may act as elastic hinges between crack ¯anks and even
impede crack opening by direct mechanical locking.
Indeed, these mechanisms have all been observed in situ.
They all have a long range e�ect as they require a larger
scale of microstructural feature to operate. Presumably
they would also reach an equilibrium condition after
su�cient crack growth, and the toughness would exhibit
a plateau value. Increasing microstructural integrity
should result in larger blocks of material being cir-
cumvented or acting as ligaments and consequently a
more tortuous crack path. Thus a greater toughening
increment would be expected. Since, however, the heat
treatments do not induce dramatic changes in the
material at this scale of microstructure, the long range
e�ect should be similar in all material conditions.
A combination of the mechanisms operating in the

short and long ranges would explain the di�erence in
initial toughness and toughening rates between the as-
sprayed material and material heat treated at 900 and
1050�C, and the similarities in the rates of toughening in
the long crack range of all materials.

4.2. Strength and thermoshock resistance

The strength of the plasma sprayed alumina improves
considerably with heat treatment. This could be due to

Fig. 10. Schematic representation of the short and long crack ranges

of crack growth in as-sprayed material and material heat treated at

900 and 1050�C.
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two e�ects: an increase in contact area between splats
due to sintering, or simply the rise in fracture toughness.
For the ®rst of these mechanisms to have e�ected the
observed doubling and tripling in strength, the contact
area between splats, given typically in literature as
between 20 and 30% Refs. 41±43 would have had to
increase very considerably and visibly. Since, however,
only the material heat treated at 1550�C for 12 h
showed noticeable improvement in inter-splat cohesion
on microstructural examination, and given that porosity
generally increased with heat treatments up to 1180�C,
and was reduced only a little by the 1550�C heat treat-
ment, it is felt that the improvement in cohesion
between splats was generally not great enough to
explain the observed increases in strength, and is prob-
ably a secondary and supplementary e�ect. The second
strength increasing mechanism, characteristic of densely
sintered brittle ceramic materials, only requires strength
to scale proportionally with toughness. Exactly such
behaviour was observed. Hence, it may be inferred that
the strength of this plasma-sprayed alumina is really
controlled by its fracture toughness. It then also follows
that the changes in strength after heat treatment are a
consequence of the same mechanisms that result in
increased fracture toughness, i.e. the consolidation of
defects during heat treatment, especially between intra-
splat columnar grains. This mechanism is e�ective in
materials heat treated at 900 and 1050�C, and even is
more pronounced in material heat treated at 1180�C, in
which the normal columnar substructure has been
replaced by a system of self accommodating laths, and
is even further accentuated by recrystallisation (and
perhaps a little sintering) after 12 h at 1550�C.
The discussed increase in strength and toughness of

this plasma-sprayed alumina notwithstanding, the abil-
ity of the material to withstand sudden temperature
change without deterioration in its mechanical proper-
ties, i.e. its thermoshock resistance, is reduced with
progressive heat treatment. However, the increase in
strength with heat treatment was so great that even after
experiencing maximum thermoshock the numerical
value of residual strength of heat treated plasma-
sprayed alumina always remained higher than, or equal
to, the strength of as-sprayed material. Since no abrupt
drop in strength after a thermoshock was observed in
any material condition, it may be inferred that the
material is always in the long crack regime of thermo-
shock behaviour.44ÿ46 Again this supports the idea that
the e�ect of macroscopic splat sintering was small.
The fall in strength after hard thermoshock may be

attributed to the reintroduction of weak paths for crack
advance. This can be seen by the development of splat-
internal cracking as shown in Fig. 9. The as-sprayed
material has ®ne internal transversal cracks which
probably either pre-existed or arose along weak colum-
nar interfaces during polishing. Such cracks are far less

common in the heat treated and recrystallised material.
Transversal cracking then re-appears in material after
it has experienced hard thermoshock probably as a
result of thermal (quench) stresses. Hence, it is clear
that it is the reintroduction of this splat-internal defect
structure, despite its having a di�erent origin from the
as-sprayed defect structure, that is responsible for the
reduction in strength after thermoshock. That the resi-
dual strength of heat treated material did not drop
below the strength of as-sprayed material, supports this
postulation.
The observations of this work are in broad agreement

with the results of previous thermoshock investigations
on similar materials. Lutz5 for instance conducted
strength and thermoshock tests on cylindrical specimens
in both as-sprayed and annealed conditions including a
bulk sprayed alumina. Nevertheless, there are some
points of divergence. Although the initial strengths were
found to be similar, Lutz found that even the ``post-
sintered'' material was insensitive to sudden changes in
temperature of up to 800�C, whereas in the present
study deterioration in strength is observed at much
lower thermoshocks. Furthermore, in his study, it was
found that the strength of the post sintered and ther-
moshocked material could decrease to below the initial
strength of the as-sprayed material. The di�erences in
the results may stem from two primary sources: (1) the
test con®guration applied in Ref. 5 was considerably
di�erent (ring between plates) to that applied in the
present work, (2) plasma-sprayed materials are like sin-
tered ceramic materials, also susceptible to a size (geo-
metry) e�ect in their thermoshock resistance.46,47 This
latter e�ect, in particular, makes comparison of abso-
lute results between di�erent sample geometries and
experimental conditions di�cult. However, in interpret-
ing his results Lutz, in agreement with the present work,
analogously concluded that thermoshock resulted in the
formation of a microcrack network in plasma-sprayed
ceramics and this was responsible for the deterioration
in strength.
It should be noted that in the case of the material heat

treated at 1180�C for 12 h the sample size chosen
according according to DIN for strength and thermo-
shock testing may have been too small to allow the full
applicability of linear elastic fracture mechanics
(LEFM). In the worst case, if full toughness was
achieved before fracture, then according to LEFM the
critical crack must have been longer than sample height.
However, in all other cases the critical crack would have
been within the relevant sample dimension.

4.3. To summarise

It is suggested that the biggest and most signi®cant
change e�ected by heat treatment is the healing and
removal, from within the splats, of microstructural easy
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crack paths which result from rapid cooling processes
during deposition. The increase in splat integrity results
in large increases in both strength and toughness. This
may be aided by the relaxation of internal stresses which
must accompany the morphological rearrangement
undergone during the transformation of transition pha-
ses to a-Al2O3. Heat treatment at temperatures close to
standard sintering temperatures improves inter-splat
cohesion, but this has a supplementary rather than a
dominating e�ect on mechanical properties. Thermo-
shock can reintroduce splat internal defects, thereby
facilitating crack propagation and causing a reduction
in strength. The strength of all material conditions does
not deteriorate to less than that of the as-sprayed mate-
rial for any sudden temperature changes of up to
1200�C.

5. Synopsis and conclusions

Bulk plasma sprayed alumina has excellent thermo-
shock properties and can have good toughness and
strength characteristics. Both fracture and strength
behaviour can be signi®cantly improved by heat treat-
ment. However, the ability to withstand sudden tem-
perature variation without change in mechanical
properties is impaired.
In the as-sprayed condition splats of plasma sprayed

aluminium oxide have a well developed substructure of
g-Al2O3 or a-Al2O3 columnar grains. The weak inter-
faces between the columns and other substructural
defects provide low energy paths for crack advance and
are largely responsible for the low toughness and low
strength of the as-sprayed material. These defects, how-
ever, also contribute to the excellent thermoshock resis-
tance of the material.
Annealing at 900 and 1050�C for 12 h does not sig-

ni®cantly change the microstructure or mechanical
behaviour of plasma sprayed alumina.
Heat treatment at 1180�C for 12 h results in replace-

ment of the columnar substructure by a system of self-
accommodating laths. The interfaces between laths still
provide relatively weak, low energy preferential crack
paths. The increase in integrity of the splat internal
structure enhances toughening mechanisms and results
in excellent toughness.
After 12 h at 1550�C the splats are internally com-

pletely recrystallised, but the macroscopic splat struc-
ture is largely retained. The intersplat cohesion is a little
improved due to some sintering. Nevertheless, the
material in this condition preferentially fails by delami-
nation. This is mostly a consequence of the improved
mechanical stability associated with recrystallisation of
the splats, which makes crack advance through splats
more di�cult than crack deviation and propagation
between splats.

All the material conditions (with the exception of
material heat treated at 1550�C for 12 h, for which no
controlled crack extension was achieved) exhibit pro-
nounced R-curve behaviour. The R-curves may be divi-
ded into two regions: very steep in the initial phase of
crack propagation, and ¯atter, but persistent, in the
long range. In the short crack range toughening is a
consequence of the pull-out of splats; and in the long
crack range, the toughening e�ect results from crack
branching and hinging by larger microstructural fea-
tures.
The strength of plasma sprayed alumina is related

directly to its fracture toughness. The considerable
improvement in strength that accompanies heat treat-
ment is a consequence of the improvement in toughness
and the enhancement of toughening mechanisms. Sin-
tering between splats has a supplementary, but not
dominating e�ect.
As-sprayed Al2O3 has excellent thermoshock resis-

tance and can withstand sudden temperature changes
up to 1200�C, without su�ering reduction in strength.
The drop in strength after thermoshock is a result of the
reintroduction of weak crack paths by thermal splat
cracking.
An additional and important source of mechanical

weakness in this bulk plasma sprayed ceramic are the
rest bands which form in consequence of the cooling
periods between the multiple sets of passes required to
build up a thick deposit. These rest bands are areas of
reduced splat cohesion and often dominate ®nal failure.
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Appendix. A mechanistic model of toughening by splat
pull-out

Since crack advance in plasma-sprayed ceramics
results in a typical and unique cog-tooth fracture topo-
graphy, see Fig. 6b, a frictional energy dissipation
approach, based on the Kelly±Tyson model for strength
behaviour in ®bre reinforced metal matrix composites,
assuming a linear transfer of load into a splat by friction
at its interface with neighbouring splats,37ÿ40 can be
used to estimate the contribution to toughening by splat
pull-out.
The initial toughness, GIc, determined by twice the

fracture energy of splats per unit crack area gf is
increased by the total work of splat pull-out per unit
area of projected crack surface, Wtot, so that the ®nal
toughness is given by
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GR � GIc ��G � 2
f �Wtot: �A1�

In the range of validity of linear elastic fracture
mechanics, initial and ®nal toughness are related to the
corresponding critical equilibrium stress intensity fac-
tors and elastic modulus E by [48]

GIc � K2
Ic

E
andGR � K2

R

E
; �A2�

so that the increase in toughness, or the work of pull-
out per unit area, is given by

�G �Wtot � K2
R ÿ K2

Ic

E
: �A3�

A splat of plasma-sprayed material can be idealized as a
thin rectangular plate of which w and thickness t, Fig.
A1. Each alternate splat in the stacking direction may
be regarded as being locked into a matrix formed by its
neighbouring splats. Thus, as a crack advances in this
direction, and opens, every second splat may be
assumed to be pulled-out of its matrix, analogously to
short ®bre reinforcements in ceramic matrix composites.
The toughening increment results from the frictional
energy dissipated during pull-out. The work of pull-out
can be estimated by considering the equilibrium
between tensile and sliding fractional forces acting on
one splat. By regarding a splat segment of in®nitesimal
height dx, and assuming that the interfacial shear stress
remains constant, then

�� � d���wt � � �wt� �i �2�w� t��dx; �A4�

where s is the stress normal to the segment and ti is
frictional force per unit surface area, i.e. interfacial
shear stress.

It follows from Eq. (A4) that

d�

dx
� 2�i�w� t�

wt
; �A5�

and the normal stress acting at a distance x from the
base of the extruding splat is

� �
�x
0

2�i�w� t�
wt

dx � 2�i�w� t�
wt

:x: �A6�

This linear relationship is shown in Fig. A1b. Since the
rate of work is given by

dW

dx
� F; �A7�

where F is force, the work done on pulling out one splat
an entire pull-out length l is

Ws �
�l
0

� ��wt��dx �
�l
0

2�i�w� t�xdx � �i�w� t�l2: �A8�

Assuming all splats are equal, and since according to the
model only every second splat is pulled out of its matrix,
the number of e�ective splats per unit area is given by

n � 1

2wt
: �A9�

Thus the total work of pull-out done per unit area of
crack surface is

Wtot � �i�w� t�l2
2wt

: �A10�

The ®nal formula for toughening by frictional energy
dissipation in plasma-sprayed ceramics can be obtained
by combining and rearranging Eqs. (A3) and (A10) as

Fig A1. (a) Schematic representation of idealized splat and forces acting on a segment, (b) Linear dependance of normal stress (i.e. load transfer)

with distance x.
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�i �l2 � 2�K2
R ÿ K2

Ic�
E

� wt

w� t
: �A11�

It can be seen that the two parameters important for
achieving toughening are average length of pull-out and
interfacial shear stress.

Example

From microstructural studies, the average splat in the
as-sprayed state may be assumed to have thickness
t=10 mm, and width w=100 mm.9 Preliminary studies
have indicated that this material has an elastic modulus
of around E=60 GPa in the direction perpendicular to
splat stacking,49 i.e. normal to the plane of cracks being
considered.
If a pull-out length of 10 mm is assumed in the as-

sprayed material (as seen approximately in SEM
analysis), and taking KIc and KR values from experi-
mental results, see Fig. 5, the interfacial shear stress may
be estimated from Eq. (A11) as �i=2.3 MPa. This is a
very reasonable value for physically bonded interfaces
and is of the same order of magnitude as values of
interfacial shear stress measured in various composite
materials.50ÿ53

Furthermore, if it is assumed that the interfacial shear
strength does not change much or at all by heat treat-
ments at temperatures below the temperature of phase
change to a-alumina, the toughening increment
observed in the material heat treated at 1050�C for 12 h
could be achieved by increasing the length of pull out to
about 16 mm. This is also a very reasonable ®gure close
to the values observed (cf. SEM micrograph of short
crack regime in Fig. 8b).
The above estimations both support the postulation

that splat pull-out is largely responsible for the tough-
ening observed in material heat treated at relatively low
temperature.
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