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On deposition, plasma-sprayed ceramics are typically far from thermodynamic equilibrium,
i.e., they contain metastable phases and also exhibit an extremely high density of lattice
and other defects at many microstructural levels. Exposure to high temperatures is known
to result in a consolidation of the material and can lead to both subtle and radical changes
in the meso and microstructure. The effective elastic properties must be governed by the
variety of structural defects and must also change as the defect structure changes during
annealing. In the present study the microstructural development in plasma-sprayed
alumina (Al,Os3), as a function of annealing temperature is investigated using techniques of
electron microscopy, X-ray diffraction and porosimetry. In addition, the effective elastic
properties of this material have been studied using an ultrasonic spectroscopy technique
which is especially suited for porous, highly attenuating materials. The results show that
annealing even at moderate homologous temperatures already has a noticeable effect on
the elastic properties. Upon annealing at higher temperatures, very strong elastic constant
changes are observed: increases of about 300% as compared with the as-sprayed material.
The underlying microstructural changes are discussed in detail. It is found that the elastic
properties of plasma sprayed alumina must be largely governed by the aspect ratio and
arrangement of internal defects and porosity. © 2000 Kluwer Academic Publishers

1. Introduction rated from the substrate to leave a free-standing ceramic
Plasma-spraying technology is gaining increasing acpart.
ceptance in industry for the application of high per- In consequence of the impact and rapid cooling on
formance coatings and even for the production of freadeposition, a highly aligned, anisotropic microstructure
standing bulk components with up to several milli- with a high defect density forms, giving rise to peculiar
metres wall thickness [1-3]. The technique is very ver-mechanical properties. In particular, the strength and
satile and almost any material can be plasma-spraye@lastic stiffness of a plasma sprayed ceramics are typi-
For ceramic materials the technique is of particular in-cally an order of magnitude lower than those of the same
terest because it allows their application as thermaleeramic when densely sintered [4, 7-9], whereas the
barrier and wear resistant coatings on all kinds of stanfracture toughness can easily be comparable [10]. The
dard load-carrying substrates or as highly thermoshockiniqgue combination of very low stiffness and decent
resistant, free-standing parts [4, 5]. The properties ofoughness is responsible for the excellent thermoshock
plasma-sprayed ceramics, which are largely governegroperties of these materials [11].
by their defect-rich microstructures, can, however, be Post deposition exposure to high temperatures has
very different from those of corresponding convention-been observed to lead to significant changes in the phase
ally sintered ceramics. This can be both advantageousomposition and microstructure of plasma-sprayed ce-
and disadvantageous. ramics and it has been postulated that these changes
Plasma-spraying involves feeding a material powdemust affect the effective elastic stiffness of the mate-
mixed with a carrier gas/fluid into a high voltage elec-rial as well as other properties [12]. Several studies
tric arc. The gas forms an expanding plasma, whiclon various plasma-sprayed oxide ceramics [3, 13-15],
both melts the powder particles and accelerates thermave shown that annealing at elevated temperatures can,
towards a substrate. The molten droplets are depositéddeed, lead to significant residual changes in effec-
at high temperature and velocity on a cooler substratéive elastic properties: both a decrease and an increase
and are rapidly cooled at rates of about I®10' Ks~!  in elastic stiffness has been observed according to the
[6]. Layer thickness is built up by moving the spray- material and annealing schedule. As yet, however, the
ing apparatus (Plasma-gun) transversely across the sutwo features of microstructural and elastic property
strate so successigplatscan be deposited and cooled. development have seldom been the subject of a com-
After deposition, the plasma-sprayed layer can be sepained comprehensive study on a specific material.
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In the present study, we focus on a commercially Samples were heat-treated in air &tCmin with
produced plasma-sprayed aluminium oxide. This mahold times of 12 h at 900C, 1050°C, 1180°C and
terial is characterised in as-sprayed state as well as ih550°C, and then furnace cooled to room tempera-
different heat-treated conditions using X-ray diffrac- ture. These temperatures were chosen on the basis of
tion, electron microscopy and porosimetry. The resultghe known transformation temperatures for the various
of these structural and morphological investigations arenetastable alumina [16]. The last heat treatment is just
correlated with the evolution of the elastic constants ofbelow a common sintering temperature for alumina ma-
the material, determined by ultrasonic wave velocityterials [17], and is similar to treatments applied in in-

measurements. dustry to consolidate and make thermally stable sprayed
products.
X-ray phase analysis was conducted using bulk sam-
2. Experimental ples and Cy, radiation in a Siemens D-500 diffracto-
2.1. Material and microstructure meter. Thin-foil transmission electron microscopy

The alumina material used in this investigation wasSamples were observed and selected area electron
atmospheric plasma-sprayed (APS), fromeaAl ,05 dlffractl_on_(SAED) studle_s conductedin aJeol 20(_)OFX
(99.5%) powder agglomerate, using a water stabilisedfansmission electron microscope (TEM) operating at
arc plasma gun, by LWK Plasmakeramik, Gummers-200 kV. Scanning electron microscopy (SEM) was con-
bach, Germany. A cylindrical alumina tube was Ioro_ducted on gold sputtered samples in a Leica Cambridge
duced with wall thickness of about 80 mm and the sub-Stereoscan 360. Archimedean porosimetry was used to
strate was subsequently removed. All samples were ciuantitatively follow the_effects of heat treatment and
from the bulk to avoid substrate influence, e.g., subPhase change on porosity.
strate/deposit cooling effects. As shown schematically
in Fig. laand b, the principal material directions are the
axial, tangential, and radial directions of the cylinder.2.2. Characterisation of the elastic stiffness
In the following, these directions are referred to with 2.2, 1. Ultrasonic measurements
the symbols, t, andr, respectively. The orientation of In order to characterize the elastic stiffness, the veloci-
the splats relative to these directions is shown schematies of elastic waves propagating in the directions of
ically in Fig 1b. The as-sprayed material contained &he principal material axes were measured using an
mix of about 65%y andy-near transition phases and ultrasonic spectroscopy technique. For these experi-
35%w-Al,03 [10]. ments, cube-shaped samples with nominal dimensions
9 x 9 x 9 mm® and edges parallel to the principal ma-
terial axesa, r, andt were machined from the bulk by
plasma-spraved dlurning cylinder cutting and grinding.
Ultrasonic wave velocity measurements were carried
out by attaching a pair of identical broadband ultrasonic
- transducers on opposite sides of the specimen using
e double sided sticky tape. One transducer was used to
transmit acontinuous harmonic elastic wave into the
specimen, the other one to receive the signal transmitted
. Specy direction through the specimen. While sweeping the frequehcy
of the signal from 100 kHz upwards, the phase shift
between the incident and transmitted waves was mea-
sured continuously. It is important to note that there
always exists an upper frequency limit above which the
attenuation due to scattering and absorption in the spec-
imen is beyond the dynamic range of the measurement
system. In the most extreme case of the present study,
this upper frequency limit was as low as 2.8 MHz. It

radial, r Ve

&) is the great advantage of this continuous-wave phase
O A spectroscopy technique over ultrasonic pulse propaga-
p— // tion methods that it allows for accurate wave velocity
_ //’ measurements on relatively small samples despite this
T //_, a constraint to relatively low frequencies. A detailed de-
Zo scription of the technique and the experimental set-up
— 4 has been reported elsewhere [18].
The wave velocityy, is readily determined from the
t slope of the resultingA¢(f) function (“phase spec-
(b) trum”) according to the equation [18, 19].

Figure 1 Schematics showing (a) the geometry of the sprayed cylinder

and (b) the orientation of the splats with respect to the principal material dA¢ -1

directions (for simplicity only some splats are outlined, in reality splats v=—-27L <_> , (1)
impinge on one another). df
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in which L is specimen thickness in the direction Ca3 = Pvga (5¢)
of wave propagation. Pairs of model V155 and ) )
model M110 ultrasonic transducers (obtained from Cas = pvfz = pug (5d)
Panametrics Inc., Waltham, MA., USA) were used to
measure shear wave and longitudinal wave velocities,
respectively. The use of the cube-shaped specimens de- Ces = pUS = pu2 (5f)
scribed above allows for determining nine velocities.
These are the three longitudinal velocitigs, vaa, and  wherep is the density of the material was determined
vyt as well as the six shear wave velociti@g, urt, vat,  from mass and dimension measurements performed on
Var, Uyr, @ndua, Where the first index always denotes the cube-shaped specimens. Equations 5d to f illus-
the direction of wave propagation and second that ofrate that the shear wave velocities are pairwise identi-
the polarization. cal (uij = vji). Thus, we expect the measured values
The evolution of these velocities after high-temp- of these velocity pairs to be equivalent, which offers the
erature annealing was studied by performing measurespportunity to test the consistency of the measurement
ments on as-sprayed as well as heat treated specimengethod.

C:55 = IOUrZa = /ngr (5e)

2.2.2. Evaluation 3. Results
The effective elastic constants of a heterogeneous Ma 1. Microstructural and phase
terial are defined as the quantities that relate the average development

streswj; to the average straiy; in arepresentative vol- It is clear from the SEM micrograph of the ma-
ume element. The effective elastic behaviour of the Ma3sarial cross-section in Fig. 2, that this alumina has

terial can then be described by the generalised Hooke'§,o typical layered splat mesostructure expected of

law plasma-sprayed ceramics. The splats are discontinu-

s 3 ously bonded to each other forming very narrow, slit-

o 3 like inter-splat pores. Other types of more spherical

% = ; ; Cijia e @ inter and intra-splat pores are also visible. After heat

treatment at 155@ the cross-section of the material
looked very similar, with the splat layering largely re-
tained; although it was more difficult to identify the
finer splat boundaries and a slight opening of other splat
boundaries was also evident.
A summary of the phase development of the alumina
system is given in the X-ray diffraction traces in Fig. 3.
o =Ce (3)  The transition (metastable) phases increasingly trans-
formed via the intermediate transition phagesl O3
whereC is a 6x 6 matrix array of the elastic constants andg-Al -,03t0 the thermodynamica”y stahleAl 503
[20]. with progressively hotter heat treatment. After the heat
From the geometry of the manufacturing process, thgreatment at 118@ the transformation te-Al,0s is
assumption can be made that the material exhibits &iimost complete. Material heat treated at 155@vas
leastorthorhombicsymmetry, corresponding to a stiff- 100%q-Al ,03.
ness matrix of the form [21]: Archimedean porosity measurements, summarised
in Table I, show the overall porosity remains virtually

in which the constant€;j, are the components of a
fourth rank tensor. For simplicity, compact notation is
used, i.e. the generalised Hooke’s law is written in ma
trix notation

Cip Cip Ciz O 0 0 unchanged up to the reconstructive transformation to
Cpp Cpp Cx3 0O O 0 a-Al;03. This transformation is accompanied by an
increase in porosity of about 4% in absolute terms, de-
C13 C23 C33 0 0 0 . . . . . L
C= (4)  spite it requiring a consolidation of material. The heat
0 0 0 Cau O 0 treatment at 1550C reduced the porosity by just over
0 0 0 0 Cs5 O 1% in absolute terms, indicating little overall sintering
0 O O O 0 Ces had taken place.

The splats of the as-sprayed material have aninternal,
e0 2 to 1um wide columnar substructure. An overview

Hence, nine independent elastic constants are requir C . :
P g of splat substructures is given in the TEM micrograph

to fully describe the linear-elastic behaviour of a
plasma-sprayed material. We will restrict ourselves to

the six constants located on the diagonal of this matrix,rABLE s _ _ _

which can be obtained from the wave velocity measure- ummavry of changes in porosity levels with heat treatments
ments on the cube-shaped samples described above via Material Condition/Heat Treatment Temperature
the following equations:

Porosity, % As-Sprayed 90C 1050°C 1180°C 1550°C

) Open 12.6 128 130 14.6 14.4
C11 = pvy; (53)  Closed 0.7 0.6 0.2 2.7 1.8
Total 133 134 132 17.3 16.2

Co2 = pUd (5b)
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Figure 2 SEM micrograph showing the layered splat microstructure of the as-sprayed material.

Phase development in plasma sprayed alumina ever, intra-columnar porosity became more pronounced
annealed for twelve hours at various temperatures aspores appeared to precipitate atboth existing free sur-
faces and also in the bulk of the material. This porosity
was often very fine and precipitated pores typically had
« diameters between 10 and 50 nm. The development
of such porosity within a single column in material
1850 °C heat treated at 90C is shown in Fig. 5a. SAED anal-

0 yses of such columnar grains showed the development
A g 0 9luseoc of extensive ordering already during heat treatment at
sl h % s o sl 550 5 M\K1osorc 900°C. The SAED patternin Fig. 5b, showing the [100]
3-Al,03 zone axis, proves that the material has under-

\Lsoo ec gone a transformation to this ordered phase. The extent
) [ ¥ J/J\k of ordering was seen to increase with the heat treatment
e e A b AR at 1050C.
25 30 3% 40 45 S0 55 6O &5 70 75 After twelve hours at 1180C the material consists
20 almost completely af-Al ,Os. Internally, a structure of
Figure 3 X-ray diffraction traces showing phase development with heatlathS remlnlsqent of the original COIU,mnar structure h_as
treatment. developed (Fig. 6). The amount of intra-splat porosity
has visibly increased. Due to the narrow field of view
covered by TEM it is not possible to make a definitive
shown in Fig. 4a. Cracking between columns can beevaluation of inter-splat porosity. After 12 h at 15%D
seen. Agglomeration of porosity was observed at th€Fig. 7) the material consists entirely ®Al,0s3. The
columnar interfaces. In Fig. 4b a SAED pattern show-intra-splat columnar and lath-like substructures have
ing the [100] zone axis of-Al,03, typical for a single been completely replaced by slightly elongated, ran-
columnar grain is presented. No large degree of orderdomly oriented grains. Inside the splats, the material is
ingis evidentinthis state. Generally, the as-sprayed maeminiscent of a standard sintered,@®k. Mesoscopi-
terial contains a high concentration of internal defectscally, however, the basic quasi-laminated splat structure
TEM observation of the microstructure after anneal-still prevails.
ing at 900 and 1058C for 12 h revealed no dramatic A more detailed and comprehensive description of
overall change from the as-sprayed condition and thenicrostructural development with heat treatment in the
intra-splat columnar structure was maintained. How-sprcific material of this study may be found in [12].

Intensity
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Figure 4 (a) TEM micrograph of as-sprayed splats exhibiting the internal columnar structure (b) an SAED pattern from one of the columnar grains
showing the [100} -Al,O3 zone axis and little ordering.

3.2. Evolution of elastic properties transversely isotropic (with isotropy in thea-plane,

In Fig. 8a and b the longitudinal and shear wave velociwhich is the plane perpendicular to the spraying di-
ties, respectively, are plotted against the heat treatmemection), as there is no significant difference between
temperature. It can be seen that in all cases the fundax, (=vrt) and var (=vra) and also no difference be-
mental conditions;; = vj; is fulfilled within the errorof ~ tweenuy; andvaa. Hence, the total number of indepen-
measurement. Moreover, it appears that the material ident elastic constants reduces from nine to five, four of
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(b)

Figure 4 (Continued.

which (C11, C2 = Caz, C44, Cs5 = Cgg) can be deter- can therefore be used as measures for the degree of
mined from these measurements. In Fig. 9a and b thesaisotropy. (Strictly speaking, the above ratios being
elastic constants are plotted as a function of annealingqual to 1 alone is not sufficient proof of isotropy, since,
temperature in logarithmic-linear fashion. for instance, this condition is fulfilled also in the case
In as-sprayed conditiorCy; is considerably lower of an anisotropic material with cubic symmetry. How-
than theC,, andCag, i.e., the material is less stiff when ever, since the material studied here exhibits a lower
uniaxially strained in the direction perpendicular to thethan cubic symmetry in the as sprayed condition, these
splats than when strained in any direction parallel toratios give a good indication of the evolution towards,
them. Comparison of the constargs, Css andCgs  Or away from, isotropy.) Due to the logarithmic scaling
shows that the resistance of the material against shear of the stiffness axes in figures 9a and b, the distances
thet-a plane is greater than in any plane that is parallebetween the data points f@;1 andC,; (or C33) in the
to ther -direction. diagrams are a measure of the deviation of these ratios
The effect of heat treatment on the stiffness can be difrom unity. The evolution of these ratios is shown ex-
vided into two regimes. For the annealing temperatureglicitly in Fig. 9c. It can be clearly seen that, in the high-
below 1180C, a slight but still significant decrease of temperature regime, the corresponding data trends con-
all elastic constants with increasing annealing temperverge, indicating that the material not only becomes
ature is observed. On heat treating the materials at tenstiffer but also becomes increasingly isotropic.
peratures of 118@ and above, however, the stiffness
increases steeply. Because of the limited number of data
points the exact transition between the two regimes car4. Discussion
not be exactly delineated. It is clear from the structural investigation that the as-
In a fully isotropic material the elastic constants sprayed alumina is far from being an equilibrium ma-
C11, C22 andCgs3 are equal, and so are the constantserial. In the as-sprayed state there is a super satura-
Ca4, Css andCege. The experimentally determined ra- tion of both inter and intra-splat defects, providing high
tios Co2/C11 (0or C33/Cy1) andCas/Css (or Caa/Ces)  driving forces that result in considerable morphological
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Figure 5 (a) TEM micrograph of intra-splat columns in material heat treated &t®88owing the evolution of microporosity (b) SAED pattern from
the central column in (a) showing the [100] zone axig-#l,03 and extensive ordering.

developmentwithin splats during heat treatment even dor the velocity measurements, and it has been possi-
moderate homologous temperatures. In particular, thble to successfully follow the evolution of the elastic
crack and pore structure of the material evolve signifi-stiffness of all the material conditions.

cantly during heat treatment, with many aligned cracks The as-sprayed plasma-sprayed material exhibits ex-
healing, others being formed with different spatial ar-ceptionally low stiffness compared to densely sintered
rangement. High temperature heat treatments in particzonventional polycrystalline alumina (for which room
ular lead to the precipitation of considerable amounts ofemperature Young’s moduli typically in the range of
intra-splat porosity and the opening of existing pores350-400 GPa are reported, e.g., [17, 22]). In the ra-
Although the heat treatments applied led to significandial direction, the relative stiffness, i.e., the ratio of the
intra-splat changes, the accompanying inter-splat moreffective elastic constant of the plasma-sprayed mate-
phological change was more subtle and little superficiatial to the corresponding constant of the fully dense
difference could be seen between the mesostructuresaterial is as low as-0.04, while a rough estimate
(splat level) of the as-sprayed and heat treated materidbased on the measured total porosity using standard
This notwithstanding, the heat treatments cause signifmodels developed for conventionally sintered materi-
icant change in its elastic behaviour. Despite the highals [23—25], would predict a relative stiffness-ef.75.
attenuation caused by the microstructure, the ultrasonithis is obviously a consequence of the splat-based mi-
technique used delivered good and reproducible resultsrostructure that includes highly non-spherical pores
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(b)

Figure 5 (Continued.

with a high aspect ratio. Since these slit-like pores arémportantly, however, it was found that the anisotropy
preferentially oriented in thé-a-plane, this also ex- was inverse to that determined here. As the authors,
plains the high anisotropy of the material. (No@®s  however, provided no microstructural or porosity evi-
of polycrystallinex-Al,05 is assumed here to take the dence, itis possible only to speculate that the material of
value 448 GPa, as estimated on the basis of a Youngtheir study was deposited under significantly different
modulus ofE =380 GPa and Poisson’s ratie=0.27;  conditions, probably leading to better bonding between
however, even if the Young’s modulus was estimated aadjacent splats so that transverse cracking caused by
E =300 GPa, which may be more suitablefoAl,O3;  thermal stresses dominated.
[26], the relative stiffness would still only take a value After heat treatments at the relatively low temper-
about 0.05, which hardly changes the argument.) atures of 900C and 1050C, before the reconstruc-
The extremely low relative stiffness observed in tan-tive phase change @-Al,O3, there is surprisingly, a
gential and axial directions is probably a consequencslight decrease in stiffness. In fact, a similar and even
of two features: (1) the inter-splat slit-like pores are inmore pronounced drop in stiffness at relatively low ho-
fact not ideally aligned, and (2), as evident from themologous temperatures has been previously observed
TEM observations, the spats themselves are not fullypn annealed plasma-sprayed Al-Mg-spinell [14]. Un-
dense and contain agglomerations of pores and micrdertunately, in that investigation there was insufficient
cracks, which are preferentially oriented perpendiculamicrostructural evidence for the author to be able to
to the splat plane. forward possible mechanisms in detail. However, the
Interestingly, in a relatively recent investigation of author did suggest that annealing at moderate homol-
the elastic constants of a free-standing plasma-sprayezfjous temperatures might cause local fracture at inter-
alumina (also using an ultrasonic measurement techsplat bonds due to small shape changes of the splats as
nique), Parthasaratbt al. [27] found the material also recovery processes are activated.
to be transversely isotropic, but the elastic constants Inthe present study, the microstructural investigation
were significantly higher than those determined in thisallows the postulation that such processes are indeed
work (C1;~ 130 GPa an®,, = C33~90 GPa). More active in alumina, and that the observed drop can be

4314



1000 nm

Figure 6 TEM micrograph of a splat in material heat treated at 288Ghowing lath-like grains after transformationdaeAl O3 and increased
intra-splat porosity.

explained by two effects: (1) the increase in volumeserved: both relative stiffness and porosity simultane-
of porosity in the splats, as observed by TEM, concur-ously, markedly increase. Annealing at 1180esults
rent with dehydroxylation, ordering and recovery pro-in a relative increase in porosity by30%, while, in
cesses, leading to a reduction in the inherent stiffnesthe radial direction, relative stiffness increases from
of splats—such mechanisms have been observed previ-0.025 to~0.06. The increase in porosity with high
ously in plasma sprayed ceramics, [12, 28]; and (2) pertemperature heat treatment in this material, despite be-
haps more importantly, by an effective increase in thang contrary to expectation, has previously been ob-
aspect ratio of inter-splat pores, especially the slit likeserved and explained in [12]. In summary, the porosity
pores, caused by the precipitation of vacancies at exisis thought to develop in consequence of the restrictions
ing pore edges and by the fracture of some inter-splaih volume contractionimposed by impinging splats dur-
ligaments. These fractures may occur in consequendeag the reconstructive phase transformation. This in-
of any of the mechanisms listed in (1), as these magrease in porosity gives rise to the question why there
cause local splat shape changes, but additionally frads no related reduction in stiffness, but rather the oppo-
ture may also result from thermal expansion mismatctsite, viz., an increase in stiffness occurs.
between adjacent splats. Although the fact that/-Al,O3; has intrinsically a

In the high-temperature regime, upon the diffusion-lower elastic stiffness thaa-Al,O; goes some way
ally driven reconstructive phase transformatiorwto  to explaining the low initial stiffness of the plasma-
Al,O3, two apparently contradictory effects are ob- sprayed alumina and the subsequent stiffness increase
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Figure 7 TEM micrograph of a splat in material heat treated at Y&85&howing recrystallised-Al ;O3 grains.

on heat treatment, the difference is not great enough tbalf the original aspect ratio, the combined volume of
explain the magnitude of the change observed. Fromvhich, however, is almost unchanged from that of the
a mechanics aspect, the most suitable and appropriateiginal single pore. Obviously the situation in a real
explanation for such a dramatic increase in stiffnesshree-dimensional material is more complicated, but it
whilst maintaining or increasing the amount of porosity, nevertheless follows similar principles. Hence, the for-
is if the shapes of the pores change. As shown, e.g., byation of very few additional ligaments is required to
Kachanowet al. [29], for elliptical pores, the reduction increase the stiffness considerably. This implies, how-
in stiffness depends strongly on the aspect ratio, and thever, that a significant change in the microstructure is
closer the pores approach spherical shape, the stifferot necessarily observed. That explains why when the
the material is. It has also been shown for the case afnicrostructure of this material is observed superficially
aligned elliptical pores that this stiffness increase goege.g., in the SEM), it appears to be largely unchanged
along with a reduction of anisotropy. from the as-sprayed state. Large-scale sintering is not
A very effective way to reduce the aspect ratios ofrequired.
the inter-splat pores is the formation of contact lig- The consolidation of the intra-splat structure ob-
aments between previously open interfaces. To illusserved by TEM may also play a role in increasing the
trate this it is helpful to consider a slit-like pore in a macroscopic stiffness of the material, especially in the
two-dimensional body. The formation of a ligament tangential-axial plane, where the reconstructive phase
connecting the opposite faces of the pore in the cenehange results in an increase in relative stiffness from
tre would result in the formation of two pores with ~0.09 to~0.22, which corresponds to a much greater
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Figure 8 Graphs of ultrasonic wave velocities as a function of annealing
temperature (a) longitudinal waves, (b) shear waves. (b)

absolute increase than in the radial direction. This is , 5 i :
possibly a consequence of the removal of cracks anc__ =~ g R R e B oo
the more even spatial distribution of the porosity, which = v :
effectively makes the splats themselves stiffer. 4 :
A third factor that should be taken into consider-
ation is that the precipitation of additional porosity <
should lead to a reduction in the stiffness of the splats, o
whereas the transformation of the transition aluminas g
thea-phase should result in a stiffness increase. Theseid
two effects will obviously work against each other, but
within the limited scope of this study itis not possible to
make an quantitative evaluation of their relative effec-
tiveness. Itis certain, however, that the combined effect
of these two intra-splat phenomena does not dominate : : i ;
the macroscopic behaviour of the material. 0 500 1000 1500

Constants

Ratio of

—_

Itis evident that this plasma sprayed alumina under- Annealing Temperature [°C]
goes complex changes in its pore structure with heat ©)

treatment and it is this structure that obviously domi- _ ' _ _
nates the materials elastic properties. However, it apElgure 9 Graphs of the evolution of elastic constants with annealing

[ . temperature: (a) uniaxial-strain consta@tg andC,, = Cgzgs, (b) shear
pears that the form, shape and distribution of the poreéonstantscM and Css = Cgg, (C) ratios of stiffness showing evolution

plays a more det?rmining ro_le_ than t.he actual abso_mt@f anisotropy with heat treatment. Note graphs (a) and (b) are plotted on
volume of porosity. Hence it is advisable to exerciselog-linear axes.
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caution when attempting to interpret physical or mor-of the Forschungsinstitutif Elektronenmikroskopie of
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quantities using the standard and common models of
property/porosity dependence. These have usually been
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e The change of intra-splat microstructure certainly,,
contributes to the changes of macroscopic elastic

response. However, the changes in effective aspeet.
ratio of inter-splat porosity due to the formation of 22.

even a few additional ligaments between adjacent
splats can have a much stronger and dominating
effect on the stiffness.

24.
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