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The formation of metastable phases in plasma- and flame-prepared alumina particles is 
examined in terms of the classical nucleation theory, rate of transformation of metastaNe 
to stable forms, and the thermal history of the particles during solidification. It is suggested 
that homogeneous nucleation of the solidification of liquid droplets at considerable under- 
cooling results in the formation of ~,-AI203 rather than c~-Al=O3 because of its lower critical 
free energy for nucleation. The phase finally observed depends upon the thermal history 
of the particles during evolution of the heat of fusion and upon the kinetics of the 
transformation of the nucleating phase to the stable phase. This means that the cooling 
rate of the particles is relatively unimportant and under the conditions existing in flames 
and plasmas, metastable alumina will be formed on solidification. The metastable form will 
be retained on cooling particles less than approximately 10 gm diameter, but particles 
larger than this may transform to ~-AI203 during the solidification exotherm 

1. Introduction 
Spherical particles of alumina prepared by flame 
[1] and plasma [2] melting of powders, by 
condensation of vapour from arcs [3] and high- 
frequency plasma [4] or flame [5] oxidation of 
aluminium chloride, have been reported to 
consist predominantly of metastable phases 
0,-A1203, S-A120~ and 0-A1203) rather than the 
stable c~-A12Oa form. Plasma-sprayed coatings 
also consist of metastable forms [6, 7] although 
if deposited onto a heated substrate, some 
a-A1203 is produced [8]. 

Plummer [1 ] observed that a-A1203 tended to 
be produced in flame spheroidizedparticleslarger 
than approximately 15 gm diameter and he 
suggested that metastable phases were formed at 
fine particle sizes because their more rapid 
cooling rate resulted in "quenching in" of the 
assumed tetrahedral co-ordination of aluminium 
by oxygen in the liquid state. This would then 
tend to produce solid phases with cubic close 
packing of oxygen ions 0'-, 8-, 0-A12Oa) rather 
than the hexagonal packing of ~-A12Oa. Das and 
Fulrath [2] also observed that although a meta- 
stable form (7-A1203) predominated in particles 
less than 10 jam diameter spheroidized in a d.c. 
plasma jet, o~-A1203 was formed at larger particle 
�9 I973 Chapman and Hall Ltd. 

sizes, and the ratio of y-A1203 to ~-A12Oa could 
be related to a quenching parameter. They 
suggested that the rates of nucleation of the two 
phases from the liquid determined the propor- 
tions observed in the product, however they did 
not take into account the possible transformation 
of ),-A1203 to c~-AlzO8 which may occur at 
temperatures greater than approximately 1200 ~ C. 
A similar dependence of structure on particle 
diameter has also been observed in micron- 
sized alumina particles prepared by treatment of  
submicron powders in a flame reactor [9]. 

In this paper it is suggested that homogeneous 
nucleation of solidification of liquid droplets at 
considerable undercooling, results in the forma- 
tion of ),-A1203 rather than c~-Al~O3 because of 
its lower critical free energy for nucleation. The 
phase finally observed depends upon the thermal 
history of the particles during the evolution of 
the heat of fusion, and the kinetics of the trans- 
formation of ),-A1203 to ~-A1203. 

2. Nucleat ion from the vapour 
Spheroidization of micron-sized solid particles is 
clearly a melting operation, however the question 
arises whether submicron particles prepared by 
flame or plasma oxidation of aluminium halides, 
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condense as liquid droplets which subsequently 
freeze, or by direct condensation to solid. 

The partial pressure of aluminium oxides in 
equilibrium with liquid AlcOa at Tm and an 
oxygen pressure of 1 atm is of the order of 10 -9, 
calculated from JANAF thermodynamic data 
[10]. Nucleation and growth of AI20 a from the 
vapour must therefore occur as the liquid phase 
for plasma and flame conditions in which gas 
temperatures are considerably greater than T~ 
and initial oxide partial pressures are many orders 
of magnitude greater than 10 -9 . 

The fact that flame and plasma prepared A120 
particles are spherical is consistentwithcondensa- 
tion as droplets followed by solidification, since 
the growth of solid from the vapour would be 
expected to lead to the formation of particles 
with crystalline facets because of the elimination 
of high-index planes during growth [11 ]. This is 
supported by the observations that particles of 
Cr~O3 condensed from a plasma [4] and MgO 
condensed from an arc [12] occur with crystal- 
line facets, since the vapour pressures of these 
oxides are relatively high at Tm (or more 
correctly at the solidification temperature Ts - 
0.8 Tin, see below). 

3. Solidification of isolated droplets 
It is well established that solidification of most 
of the particles in a collection of isolated drop- 
lets is initiated by homogeneous nucleation and 
occurs at a temperature considerably below the 
equilibrium melting point. Generally only a 
small proportion of the droplets, which it is 
assumed contain pre-existing nuclei, solidify at a 
temperature close to Tin. 

The rate of nucleation is given by the classical 
steady-state equation 

I = A exp ( -  A G * / k T )  (1) 

where A may be regarded as a constant because 
of the preponderance of the exponential term 

AG* = 16~r73/3AGv 2. (2) 
For solidification AG* may be written [13]: 

AG* = K y  8 Tm2/AHv 2 A T  2 , (3) 

where I = nucleation rate per unit volume, 
A G* = critical free energy for nucleation, k = 
Boltzmann's constant, 7 = interfacial surface 
energy, A Gv- - - f ree -energy  change per unit 
volume of product, K = nucleus shape factor, 
A Hv = heat of fusion per unit volume of crystal 
and A T  = undercooling. 

There is considerable uncertainty in the pre- 
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exponential term of the nucleation equation (the 
experimental value [14] is of the order of 
1042 cm -~ sec-1); however, this is relatively 
unimportant compared with the large changes 
in the exponential term produced by small tem- 
perature changes. 

The freezing of a droplet is a statistical process 
depending upon the chance formation of a 
nucleus, and the probability of freezing will 
therefore depend upon the volume of the drop 
and the cooling rate [15]. Since the nucleation 
rate increases extremely rapidly with decreasing 
temperature, the range of solidification tempera- 
ture of a group of particles will be quite small. 

Experimentally it has been found that the 
solidification temperature of a group of isolated 
particles is 0.82 Tm for a wide range of metals 
[16] and ionic solids [17], in the particle size 
range 10 to 1000 gm and at stow cooling rates. 
For plasma- and flame-prepared particles the 
cooling rates are high (10 ~ to 106 ~ sec -1) so 
that solidification temperatures lower than 
0.82 Tm would be expected. Values of Ts for 
Al~O3 given in Table I were calculated from 
Equations 1 and 3 for a cooling rate of 104 ~ 
sec -1 and assuming that Ts = 0.82 Tm for 
particles of diameter d = 50gin, at a cooling 
rate of 10 -2 ~ sec -1 and that the nucleation rate 
per particle is 10 -1 sec -1 under these conditions 
[13]. The pre-exponential factor, A, was taken as 
1043 cm-3 sec-a. 

Turnbull [14] has pointed out that the crystal 
nucleus may not be the phase with the lowest 
free energy but an alternative structure which 
has a lower A G*. This effect was later observed 
experimentally by Cech [18] who found that 
isolated droplets of an Fe-Ni alloy solidified as 
the bcc structure (~) rather than the equilibrium 
fcc structure (V). Small particles, which had a 
slow cooling rate in the apparatus used, tended 
to transform from ~ to ~, after solidification. 

A similar phenomenon could account for the 
formation of metastable forms in alumina 
particles prepared by high-temperature tech- 
niques. If  the initial nucleus is not the equi- 

T A B L E  I Es t imated  solidification tempera tures  (Ts) o f  
AI~O~ as a funct ion  o f  particle d iameter  for a 
cooling rate o f  10 4 ~  sec -~ 

d(~m) T~ (~ 
100 1585 

10 1570 
1 1550 
0.1 1500 
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librium structure, a metastable phase will be 
observed at room temperature if the rate of 
crystal growth from the liquid is faster than the 
rate of transformation to the stable phase, and 
the cooling rate after solidification is sufficiently 
rapid to suppress subsequent transformation. 
The phase which is finally observed will therefore 
depend upon the relative critical free energies of 
nucleation of alternative crystal structures, the 
kinetics of the transformation from non- 
equilibrium to equilibrium forms and the thermal 
history of the particles. 

In view of the rapid cooling rate of particles in 
plasmas and flames, nucleation of solid from 
liquid droplets could be a transient rather than 
steady-state problem. The delay time for the 
establishment of an equilibrium distribution of 
embryos has been treated by Buckle [19] for the 
initial conditions of zero embryo concentration 
and for an initial Maxwell-Boltzmann distribu- 
tion. However, Courtney [20] has shown that the 
latter assumption is the more realistic approach 
and using appropriate values for A1203, the 
estimated time lag is of the order of 10 -6 sec; the 
steady-state equation should therefore be applic- 
able. 

The relative nucleation rates of two alternative 
structures will depend upon the ratio of the 
critical nucleation free energies, AG~*/AG2*, 
which in principle may be estimated from 
Equation 2. Practical application of the nuclea- 
tion equation is limited, however, because of the 
sensitive dependence of A G* on the liquid-solid 
interfacial energy, values for which are not 
generally available. Turnbull [16] observed that 
there is a relationship between the surface energy 
per mole (yg) and the heat of fusion per mole 
(zJHm). 

7g = k ,dHrn (4) 

7g = N1/3 Vrn2/~ Y (5) 

where N = Avogadro Number and Vm = molar 
volume. The factor k is found to lie between 0.3 
and 0.6 and depends upon the type of crystal 
structure. Since k could differ for two different 
forms of the same substance, an alternative 
approach for the estimation of 7 due to Skapski 
[2l] has been used. On the basis of a next- 
neighbours analysis he obtained (neglecting a 
third entropy term which is relatively unimport- 
ant): 
y = ( Z i  - Z a )  A H m / Z i N  a/a Vm 2/3 + 2A I"yL/3Vg 

. . . . .  (6) 

where Z~ = number of next-neighbours sur- 

rounding an atom in the interior of the solid or 
liquid phase, Za = number of neighbours of an 
atom at the surface of the solid, A V/Vs = 
fractional volume change on melting, and 7~ = 
liquid surface tension. 

Values of liquid-solid interfacial energy deter- 
mined for a number of metals using this equation 
have given good agreement with values deter- 
mined from nucleation experiments by Turnbull. 

The interfacial energies for c~-A1203 and 
y-A120~ have been estimated using Equation 6 
and the following data: 

Zi - Z~ 
_ _  1 

AHm (a-Al2Oa) = 21.4 kcal tool -1 [22] 

AHm (y-Al2Oa) = 16 kcal mo1-1 , 

estimated from the heat of fusion of c~-Al203, 
the heat of transition 7-A1203 to a-A12Oa [23], 

and the enthalpies of a-Al~Oz and y-AlcOa[10 ]. 
Densities of c~-Al203 and y-AlzO3, 4.0 and 3.4 g 
cm -3 [24]. 

Volume change on melting of a-Al~O3 = 2 0 ~  
[251. 
Surface tension of liquid Al~O3 at Tm= 690 dyne 
cm -1 [25]. 

The resulting values for the liquid-solid inter- 
facial energy are 

y-A120 a 240 erg cm -2 
a-Al.~Oa 390 erg cm -2 . 

The difference in free energy between solid and 
liquid as a function of temperature for c~-Al~Oa 
and y-AI20~ was determined from JANAF data 
[10], and the ratio of  AG~*/AG~,* based on these 
results is shown in Fig. 1 as a function of 
temperature. On this basis 7-A1203 would be 
nucleated rather than c~-AlzO 3 at temperature 

2.O r - -  ,~/TJ~ . . . . . . . . . . . .  

21.o/ _ _  

~ \ 

13OO 14OO 15OO 16OO 17OO 18OO 19OO 2 0 0 0  
TEMPERATURE (~ 

Figure 1 Estimated ratio of critical free energies for 
nucleation of alpha and gamma alumina as a function of 
temperature. 
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less than 1740~ Comparison with the estim- 
ated solidification temperatures given in Table I 
suggests that nucleation of ~-AlzOa will occur in 
isolated droplets of alumina; the nucleation rate 
of  ~-A12Oa will be orders of magnitude smaller 
and may be regarded as negligible. 

4. Particle temperatures in plasmas and 
flames 

Because of the high heat-transfer rates between 
small particles and their surrounding gas (see 
below), liquid droplets dispersed in flame or 
plasma exhaust gases would be expected to be 
close to thermal eqilibrium with the gas, and the 
cooling rate of the particles will be determined 
predominantly by the gas cooling rate. Gas 
temperatures as a function of distance from the 
work coil in the confined tail flame of an oxygen- 
argon r.f. plasma have been determined by 
Bayliss [26], and indicate a cooling rate of the 
order of 103 deg sec -1 at 2000 K. This value may 
be regarded as a lower limit; faster rates would be 
expected for plasmas containing dispersed 
particles because of heat loss from the system by 
radiation from the particles, or for plasmas in 
which mixing with cool gas occurred. Measure- 
ments of gas temperature in an argon d.c. plasma 
jet indicate cooling rates of the order of 106 
deg sec -~ at 3000 K [27], and similar cooling 
rates are suggested from the calculated tempera- 
tures of dispersed particles in a plasma jet 
confined within a water-cooled channel [28]. 

Dispersed liquid droplets will cool in the tail 
flame from a plasma or flame until nucleation 
occurs at Ts, followed by rapid initial crystal- 
lization since no heat transfer is necessary to form 
solid at Tm from super-cooled liquid. Liberation 
of the heat of fusion will increase the liquid 
temperature and suppress further nucleation so 
that, in general, solidification would be expected 
to occur as a single crystal from the first nucleus 
to form. 

Below Tm the rate of solidification, and hence 
the rate of heat evolution, will be limited by the 
rate of transfer of atoms from liquid to crystal at 
the growing interface. The mean particle temper- 
ature will therefore depend upon the limiting 
growth velocity and the heat-transfer coefficient 
between particle and gas. If AHm > C p A T  
(Cv = heat capacity) the particle temperature 
may increase to Tin, the rate of solidification then 
being controlled by the rate of heat loss and the 
particle temperature would remain at Tm until 
solidification was complete. The temperature- 
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time profile during solidification of a droplet 
may therefore be calculated by conventional heat- 
transfer methods if the rate of initial crystalliza- 
tion is known. 

Data on the limiting growth velocity of crystals 
is not generally available, however the order of 
magnitude may be estimated using the analysis of 
Cahn et al [29] for the continuous growth 
velocity (/I) of a crystal at large undercooling. 

I ~ = riD AHm AT/aRT  2 (7) 

where fi = kinetic correction factor _ 10 in this 
case, D = liquid self diffusion coefficient, a = 
growth step height, and R = gas constant. The 
use of McKenzie's data [30] for the viscosity of 
liquid AlzO3 and assuming that a is equal to the 
lattice parameter of y-A1203 gives a growth 
velocity of the order of 10 cm sec -1 in the range 
A T =  50 to 500K.  

For small spherical particles with low velocity 
relative to the gas (Reynolds No. < 1), the 
convective heat-transfer coefficient (h) is [31] 
h = 2 k g / d ,  where kg : thermal conductivity of 
the gas and d = particle diameter. 

The simplifying assumption may also be made 
of infinite thermal conductivity of the particle, 
justified if the Biot Number (Bi) is small (Bi = 
hd/2k v where kp = thermal conductivity of the 
particle). For  particles of A120 3 smaller than 
50 gm diameter Bi < 10 -2. The convective heat- 
transfer coefficient is much greater than the 
radiative heat-transfer coefficient for the condi- 
tions examined here and heat loss from the 
particles by radiation has therefore been 
neglected. 

Assuming linear release of the heat of fusion 
with time until solidification is complete (for 
7-AlcOa, AHm ~- Co AT, and there will be no 
thermal arrest at Tin) the particle temperature as 
a function of time (0) from nucleation is given by 
1 - 3 h ( T -  Tg)/pFAHm = e x p ( -  6hO/pCvd ) . 

. . . . .  (8) 
The cooling rate after solidification is given by 
[31] 
T -  Tg/Traax -- Tg = exp ( -  6hO'/pCpd) (9) 

where p = particle density, Cv = heat capacity, 
Tg = gas temperature, Tmax = maximum part- 
icle temperature, 0 = time from nucleation until 
complete solidification and 0 ' =  time from 
solidification (0' = 0 when solidification is com- 
plete). These calculations assume constant gas 
temperature which is satisfactory for cooling rates 
up to approximately 104 ~ sec -~. 

Fig. 2 shows the calculated temperature-time 
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Figure 2 Calculated thermal history of alumina particles 
in an oxygen stream cooling at 104 ~ sec-L Extrapolated 
50 % transformation of ~-A1203 to c~-A1203 data in the 
presence of [40] and absence of [38] water vapour is also 
shown. 

curves for the solidification of alumina droplets 
assuming a gas cooling rate of 104 deg sec -1 and 
gas thermal conductivity of  2.4 • 10 .4 cal sec -1 
cm -~ ~ -~ (oxygen at 1500 K) [32]. 

5. Transformation to the equilibrium 
structure 

A number of  metastable forms of A1203 have 
been reported and of these the y, ~ and 0- 
modifications have been detected in flame- and 
plasma-prepared materials. Studies of  the de- 
hydration of boehmite [33] and the transforma- 
tion of vapour-deposited amorphous alumina to 
c~-Al~Oa [34] indicate that x-A1203 and ~-A1203 
are the principal intermediate forms before the 
formation of ~-A120~ with 0-AI~O, as a minor 
constituent. Although the details of the crystal 
structures of  the metastable forms are not 
completely clear, it is apparent  that  :e, 8 and 0- 
A1203 are based on a more or less distorted cubic 
close packing of oxygen ions with different 
ordering of the A1 ions in the available octa- 
hedral and tetrahedral sites [33, 35]. G a m m a  
alumina has a spinel structure in which all of  the 
octahedral sites are occupied and the tetra- 
hedral lattice has vacant sites. The ~-A1203 form 
has a well-ordered superspinel structure although 
some disorder persists in the direction of the 
c-axis [33]. 

The kinetics of the transformation of sub- 
micron ~'-A1203 to c~-A1203 has been studied by 
Steiner et al [36]. The presence of water vapour  
has been reported to increase the transformation 

rate of  x-A12Oa [37], and kinetic data for the 
transformation in the presence of water has been 
published [38]. Rate constants for both sets of  
data were extrapolated to higher temperatures 
and the times for 50 % transformation have been 
plotted in Fig. 2. The percentage transformation 
of ig-AlzOz to c~-AlzO 3 was calculated by a step- 
wise method at 50 ~ intervals for particles of 
various diameters using the temperature time 
data of  Fig. 2 and Steiner et al kinetic data to 
produce the results shown in Table II. 

These results show that spheroidized powders 
consisting of particles larger than 10 gm would 
be expected to contain some ~-A12Oz, and that 
particles larger than 50 gm would consist 
entirely of c~-Al~O3. Since water vapour increases 
the transformation rate, the particle sizes at 
which c~-A120 3 is observed may be somewhat 
smaller for flame prepared powders. 

This analysis may be compared with experi- 
mental observations of  the structure of flame 
spheroidized [1, 5, 9] and plasma spheroidized 
[2] alumina particles. Plummer [1 ] observed that 
c~-A1203 did not occur in particles smaller than 
15 gm and that metastable forms did not occur 
in particles larger than 35 gm diameter. He also 
noted that changes in flame temperature had 
little influence on the constitution of the particles. 
Cuer et al [5, 9] observed that spherical particles 
with diameters in the range 120 to 1200A 
prepared by flame oxidation of A1C1 a consisted 
of ~-A1203 whereas particles with a mean 
diameter of 4.7 lam prepared by passing sub- 
micron powder through a flame reactor consisted 
of 3-A12Oa and 0-A12Oa. A mixture of  8, 0- and 
o~-Al~Oz was observed in particles with a mean 
diameter of  47 gm and the proport ion of 
~-AlzOz could be increased by passing the flame 
tail gas through a heated tube at 1001 to 1500~ 

Das and Fulrath [2] observed a considerable 
density range in alumina particles spheroidized 
by means of an argon-hydrogen d.c. plasma jet, 
many of the particles in the diameter range 50 to 
175 gm consisting of hollow spheres. For  air 
elutriated particle fractions of near theoretical 

TABLE II  Percentage transformation to c~-A1203 as a 
function of particle diameter 

Diameter (lam) % c~-A1203 

1 0 
10 9 
20 40 
50 100 
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density the observed ratios of metastable to 
stable phase (R) were: particle diameter 7 to 
14 gm, R = 40 to 100; particle diameter 53 to 
61 ~tm, R = 2 • 10 -~. For a given particle size 
range the value of R varied with apparent 
density, for example in the diameter range 61 to 
74 gm the value of R ranged from 103 at 30 ~o 
theoretical density to 0.1 at approximately 80 
theoretical density. They also observed that 
~,-A1303 was the predominant metastable phase 
in small particles but the proportion of 3-A1203 
increased with increasing diameter. 

The calculated particle diameters of 10 gm at 
which c~-A1203 is first observed and 50 gm at 
which o~-AI~O, is the predominant phase is there- 
fore in good agreement with the experimental 
data. The effect of porosity on the structure 
finally observed [2] is consistent with the 
hypothesis that ~-A1~O3 is formed by trans- 
formation of ),-A1203 during the solidification 
exotherm since a hollow spherical shell would be 
equivalent to a smaller solid particle. 

Sprayed alumina coatings are formed by the 
solidification of liquid droplets which flatten as 
they strike the surface [6]. The particles are 
therefore rapidly quenched when sprayed onto a 
cool substrate and the transformation to ~-Al~O3 
is suppressed. Alpha alumina may be formed if 
the cooling rate is reduced by spraying onto a 
heated substrate; however, a substrate tempera- 
ture of 1450~ is required for the preparation of 
completely c~-A12Oa coatings [8]. 

Kinetic data for the 7-A1203 to 3-A1203 
transformation are not available, however the 
transition to 3-A1203 would be expected to 
nucleate more easily than that to ~-A1203 since it 
does not require rearrangement of the oxygen 
ions. Dragoo and Diamond [34] suggest that 
3-A12Oa is formed from ~,-Al~O3 in the tempera- 
ture range 800 to 1200~ Evidence for the 
nucleation of y-AlzO3 rather than other meta- 
stable forms is provided by the observation of 
y-A1203 in sprayed coatings [6, 7] and small 
particles prepared by d.c. plasma spraying into 
air [2] in which the rapid cooling rate after 
solidification could be expected to suppress the 
~,-A1203 to 3-A1203 transformation. Delta- 
alumina is observed in powders prepared by 
flame [1, 5] and r.f. plasma [4] methods in which 
the cooling rate after solidification is consider- 
ably lower. 

6. Discussion 
When a number of alternative crystalline forms 
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of a substance are possible the question arises 
which of these will be obtained under particular 
conditions of formation. Ostwald [39], in his 
empirical law of successive stages, suggested that 
in all reactions the most stable state is reached by 
stepsfromtheleaststable state, however there are 
a number of exceptions to the law and Tammann 
[40] pointed out that the most important factor 
in crystallization is the comparative rates of 
nucleation of alternative phases. The classical 
nucleation theory may be criticized on the 
grounds that the free energy of nucleus formation 
is derived from macroscopic quantities, and in 
particular the macroscopic interracial energy is 
used for nuclei which consists of only a few 
hundred atoms. However, there appears to be 
no completely satisfactory alternative at the 
present time and in the case considered here it is 
the relative free energies of nucleation of 
alternative structures which are important rather 
than absolute values of nucleation rate. 

Although a number of assumptions have been 
made and the results of the calculation of 
nucleation energy barriers must be regarded as 
approximate, the available data suggest that 
~-A12Oz will form by homogeneous nucleation in 
isolated liquid droplets of alumina, basically 
because of its lower liquid-solid interracial 
energy. In physical terms the interfacial energy 
reflects the difference in structure between the 
crystalline phase and the liquid, and the nucleus 
would therefore be expected to be the phase with 
structure most nearly approaching that of the 
liquid. From this point of view, Plummer's 
suggestion [1] that the metastable phase 
observed has a structure closer to that of the 
liquid would seem correct; however, it is not a 
matter of "quenching in" of the liquid structure 
since ~-A1203 nuclei would form in isolated 
droplets irrespective of cooling rate. 

Das and Fulrath [2] also suggested that the 
formation of metastable alumina phases in 
plasma-sprayed material was associated with 
nucleation kinetics but they did not take into 
account the possibility of transformation to 
~-AI~O 3 after nucleation. Moreover, their 
approach of considering the effect of cooling 
rate on the ratio of nucleation rates of two phases 
will only be applicable if the critical nucleation 
free energies of the two phases are quite close 
at Ts. 

If y-AlzO3 is nucleated, the factors which 
determine the phase finally observed are the 
thermal history of the solid during and after 
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solidif icat ion,  and  the kinetics of  t r ans fo rmat ions  
f rom 7-A120~ to phases  with lower  free energies 
o f  fo rmat ion .  The t empera tu re - t ime  re la t ionship  
dur ing  the sol idif icat ion exotherm,  which deter-  
mines whether  t r ans fo rma t ion  to ~-A1203 will 
occur,  depends  basical ly  upon  par t ic le  d iamete r  
and  is relat ively insensit ive to the overal l  cool ing 
ra te  o f  the gas s t ream, or  poss ible  var ia t ions  o f  
gas thermal  conduct ivi ty .  This explains  the 
observa t ions  tha t  the d iameter  range over  which 
~-A1203 occurs  in spheroid ized  part icles  is very 
s imilar  for  part icles  spheroid ized  in flames, d.c. 
p l a sma  jets  and  r.f. p lasmas.  The cool ing rate  
af ter  sol idif icat ion however  will tend to con t ro l  
the t r ans fo rma t ion  f rom 7-A12Oa to in te rmedia te  
po lymorphs .  Thus 7-A1203 is observed in 
coat ings  and small  par t ic les  spheroid ized  in a 
d.c. p l a sma  je t  in which rap id  cool ing  rates  are  
achieved,  whereas  3-AI~O3 and  0-Al~O3 are  
observed  in flame and  r.f. p l a sma-sphero id ized  
par t ic les  with relat ively slow cool ing rates after  
solidification.  

S imi lar  cons idera t ions  as those discussed in 
this pape r  could  app ly  to the f o r m a t i o n  o f  meta-  
s table phases of  o ther  mater ia l s  p r epa red  by  
h igh- tempera tu re  techniques a n d i t  is poss ible  tha t  
previous ly  un repor t ed  metas tab le  phases  cou ld  
be fo rmed  in o ther  systems. In  the case of  sub- 
mic ron  par t ic les  of  TiO2 p repa red  by  p l a sma  
[41] or  flame [42] ox ida t ion  o f  TIC14 and  
p lasma-sphero id ized  t i t an ia  [26, 42], a s imilar  
part ic le-s ize dependence  o f  cons t i tu t ion  is 
observed,  the metas tab le  ana tase  fo rm general ly  
occurr ing  in small  par t ic les  and  the equi l ib r ium 
rut i le  fo rm occurr ing  in large part icles .  The 
part ic le-s ize range over  which rut i le  becomes  the 
p r e d o m i n a n t  phase  is however  no t  clear ly 
defined and  appears  to  be sensitive to  the  
presence o f  fore ign ions [41, 43] an  effect which 
is p r o b a b l y  associa ted  with the sensit ivity o f  
ana tase- ru t i le  t r ans fo rma t ion  to impur i t ies  and  
s to ich iomet ry  [44]. 
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