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Pure and mixed aluminium and chromium oxides have been prepared by passage of the
halides through a radio-frequency oxidising plasma. The nature of the materials produced
has been assessed by electron microscopy, electron diffraction, X-ray diffraction,
magnetic susceptibility, and electron spin resonance. The products ware finaly divided
solids, containing mostly spherical particles in the size rangs 0.01 to 0.15 um; howsver,
the chromia particles were often hexagonal platelets up to 0.4 um in diameter. The X-ray
diffraction patterns were well defined, showing 8-alumina and x-chromia as major phases,
and f-alumina as a minor phase. The maximum degre= of solid solution of chromium
ions in the S-alumina was limited to about 6%, of the total cation content; solid solution
of aluminium ions in the a-chromia phase was bzlow tha datection limit of 107,

The nature of the particles, the phases produced, and the dzgrez of solid solution are
shown fo be consistent with a sequance of condensation which can ba predicted from

thermodynamic data.

1. Introduction

High surface area mixed metal oxides are much
used as catalysts, pigments, fillers, etc. For such
materials it is often necessary to enhance or
minimise chemical activity by controlled disper-
sion of additive metal oxides, maximum effective-
ness being achieved when the additive oxide is
dispersed as finely as possible in a controlled
valence state on the surface of the support. The
normal method of preparation of mixed oxides
is by co-precipitation of decomposable com-
pounds followed by a heat treatment which
commonly leads to deleterious aggregation of
the dispersed oxide and loss of surface area by
sintering; contamination with bound hydroxyl
ions is particularly difficult to avoid.

Finely divided metal oxides may be produced
with the aid of a plasma torch, in a way which
not only avoids some of the usual problems of
contamination and sintering, but which also
offers positive advantages in the possibility of
control of atmosphere during preparation. The

present work sets out to examine the character-
istics of oxides prepared in this way, and to
consider these characteristics in relation to the
condensation process. The chromia/alumina
system is particularly appropriate for such a
study because it has been used as a model
catalyst [1] system, and because alumina has
previously been prepared by flame [2-5] and DC
plasma [6] techniques. Because of the very small
particle size and composite nature of the pro-
ducts, it is necessary to apply a range of tech-
niques in their characterisation. Accordingly, the
results are described in some detail so that the
weight to be given to the observations from each
technique can be assessed.

2. Experimental

2.1. Materials

Reagent grade CrO,Cl, and AICl; were used.
They were redistilled where necessary.

2.2. Apparatus
The radio-frequency plasma torch was energised
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by a Radyne C240P 25 kW unit which operated
at 5.8 Mc/sec. The normal anode power level was
set at 4.5 kV and 3.75 A. The torch design is
shown in fig. 1. The plasma was generated in the
argon-rich central zone, and was stabilised by a
fast annular flow of oxygen which was also neces-
sary for conversion of halides to oxides. The
metal halides were evaporated into supplemen-
tary argon streams and were mixed just prior to
entering the central feed tube.
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Figure 1 The RF plasma torch. The graphite ignition tube
is withdrawn once the plasma is running.

The gas and entrained products from the tail
flame were passed into a Pyrex tube of diameter
7.5 cm and then drawn by an exhaust system into
aluminium ducting containing an electrostatic
precipitator. The products described in this
paper came from the Pyrex tube. The total
recovery ratio of oxides from halides was 50 to
609;. Table I gives a list of experimental infor-
mation. Further work in the National Physical
Laboratory has much improved the efficiency of
the torch.

2.3. Chemical and Spectrographic Analysis
The products from the torch were analysed
230

TABL E | Operating conditions,

Inner argon flow rate = 11 1/min (300° K)

Outer oxygen flow rate = 42 1/min (300° K)

Cross sectional area of collection tube = 45 cm?

Gas velocity at 2000° K = 130 cm/sec

Approximate longitudinal temperature gradient at
2000° K = 50° C/cm

Rate of production of solid = 2.8 X 10~* g/sec

Mass of Al,0O; produced per unit volume of gas at
2000° K = 5 x 10-% g/cm®

chemically for chromium and aluminium.
Chloride occurred to a variable extent; from less
than 0.1 to 1.5 wt 9, was detected. Impurities
detected by emission spectrography were SiO, <
1 wt %; Mg, Ti and Sn < 0.1 wt %. These
impurities may have been drawn in as dust in the
atmosphere by the exhaust system.

2.4, Electron Microscopy

Observations were made with a JEM-7 electron
microscope. Direct electron transmission photo-
graphs were taken of specimens which had been
dispersed on to a carbon film supported on a
grid. In some cases it was possible to take electron
diffraction photographs of single particles.

2.5. Magnetic Susceptibility Measurements

Magnetic susceptibility measurements were made
in a helium atmosphere by the Faraday method.
Measurements were made over the temperature
range —195 to +600° C. Specimens could be
treated with any desired gas ir situ. In order to
avoid “glowing” the specimens due to exo-
thermic reactions, the temperature was slowly
raised to 600° C in the presence of the required
gas at 5° C/min.

2.6. Electron Spin Resonance

Observations of esr were made on specimens in
evacuated silica tubes by means of a Decca
spectrometer which used a fixed frequency of
9270 Mc/sec. Most measurements were made at
approximately 25° C, but some specimens were
examined over a range of temperatures.

3. Results
3.1. Physical Characteristics

The products were fine, light, powders, which
could be made into pellets without the use of a
binder. The colours and compositions of the
specimens are given in table II, together with the
X-ray data. The specimens are identified by
numbers which approximately define their cation
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compositions. Reduction in hydrogen at 600° C
changed the colour of specimens containing
appreciable concentrations of chromium to
bright green. This is the colour of stoichiometric
Cr,05; thus the duller or darker colours of
unreduced specimens were probably due to
oxygen excess non-stoichiometry.

3.2. Electron Microscopy

Electron micrographs showed that for specimens
containing up to 7.4% Cr, the particles were
spherical, and in the size range 0.01 to 0.15 um.
Fig. 2a is representative for these specimens.
Diffraction contrast observable in some of the
spheres revealed that although they were not
single crystals, many contained comparatively
large single-crystal regions. In some instances
steps could be seen on the edge of spheres at
their intersection with zones of diffraction con-
trast. For 239, Cr/77%, Al some of the particles
were non-spherical with no particular shape
dominating. For 100% Cr, some particles were
thin hexagonal platelets with diameters up to 0.4
pm as shown in fig. 2b. These were probably
a-chromia.

3.3. X-ray Diffraction

Because the particle size range is from 0.01 to
0.15 pm, and because sharp lines can be expected
only for crystals greater than 0.03 um in cross
section, the X-ray diffraction photographs do not
necessarily give a complete representation of the
crystal phases present. The X-ray diffraction
pattern of 100%, Al contained no sharp reflec-
tions other than those assigned by Rooksby [7]
to 8- and f-aluminas. The pattern of 3-alumina
was well developed, but 8-alumina was identified
only by very faint reflections at d = 4.53 A and
2.43 A, the other diagnostic reflections des-
cribed by Rooksby being absent. The presence of
amorphous or glassy alumina was indicated by a
broad halo centred at 4.6 A.

The presence of chromium-ions left the main
features of the diffraction pattern unchanged,
but a number of minor changes could be observed
as follows. The halo, due to amorphous alumina,
was weakened by even small additions of chrom-
ium. The S-alumina pattern was appreciably
sharper for specimens containing 0.3 to 1.0 at. %,
Cr than for pure alumina, but at higher con-
centrations of chromium the sharpness of the
reflections was lost. The d-spacings of the
d-alumina lattice increased slightly with increas-
ing chromium content; the calculated unit cell

Figure 2 (a) Electron micrograph of 0.6% Cr/99.4% Al.
(b) Electron micrograph of 1009 Cr.

dimensions are given in table II together with
other details. However, since no special pre-
cautions were taken in the preparation of the
specimen or the film, the values should be taken
only as indicating a trend. The addition of
chromium also has the effect of increasing the
proportion of @-alumina. For all specimens
containing between 0.37 and 4.7 at. %, Cr, the
reflection at 4.53 A became equal in intensity to
the nearby reflections of S-alumina at approxi-
mately 5.07 A and 4.05 A. In 5% Cr/95% Al an
additional reflection of f-alumina occurred at
2.86 A, but other reflections of this phase were
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still absent. A weak unidentified reflection was
found at 2.36 A.

The o-chromia diffraction pattern, detected
first by a single reflection for 7% Cr/93% Al,
became well developed in 239 Cr/779% Al, the
strongest reflections being equal in intensity to
those of 8-alumina. The d-spacings of the o~
chromia pattern did not depart significantly from
the values given in the ASTM index for pure
a-chromia. The error in this estimation would
not exceed 0.1%. With this limit of error it
would certainly be possible to detect the solid
solution of 109 alumina in the o-chromia
lattice [R], and these observations reveal the
striking result that even though the concentra-
tion of AICl; in the feed to the plasma exceeded
that of CrQ,Cl,, solid solution of alumina in the
a-chromia lattice was insignificant. For 239, Cr/
779% Al the intensities of the reflections due to
a-chromia also agreed reasonably well with the
ASTM index. This result contrasts with that for
1009, Cr for which the hkO reflections, 110,
300, and 220, were relatively augmented. The
most probable reason for the weakness of the
other reflections lies in the platelike character of
the hexagonal a-chromia particles, which because
of their size have a disproportionate effect on the
X-ray pattern. These facts, taken together with
the evidence from electron micrography, show
that the alumina has an effect on the morphology
of chromia in that it restricts the formation of
hexagonal platelets.

An estimate of the fraction of the chromium
present as particles of «-Cr;Q; can be obtained
by a comparison of the intensities of X-ray
reflections from the specimens with those from
synthetic mixtures of «-Cr,O4 and alumina from
the plasma as shown in fig. 3. High purity «-
Cr,0, from Koch-Light Ltd* was used together
with 0.4 % Cr/99.6 %, Al in the synthetic mixtures.
(1009 Al was not used because it gave less sharp
reflections than 0.49% Cr/99.6%; Al, and 100%,
Cr was unsuitable because it gave abnormal
intensities.) Fig. 3 illustrates the correspon-
dence between the intensities for 7%, Cr/93% Al
and the mixture containing 1 wt 9, Cr,0,, and
for 239, Cr/77% Al and the mixture containing
20 wt % CryO4. From these values the calculated
fractions of chromium appearing as Cr,O, are
0.10in 7% Cr/93% Al, and 0.64 in 23%, Cr/77%,
Al If it is assumed that the aluminium content
of the Cr,0; phase is insignificant, then the
residual chromium expressed as a fraction of
total cations in the alumina phase is 0.067 for
7% Cr/939% Al, and 0.099 for 239, Cr/77% Al
However, if, as seems possible, the X-ray
reflections from the pure Cr,0, phase in the
synthetic mixtures are more intense than those
from the same weight fraction of Cr,O, particles
in the specimens, then the calculations of this
fraction must be adjusted.

Specimens used for magnetic susceptibility
measurements and subjected to an oxidation,
reduction cycle showed no significant change in

TABLEI
X-ray
Sample no Crat. % of  Colour phases 8 unit cell 0 lines
total cations found*
100%;, Al 0.00 white 3; 0 a= 1796 4.55
amorph. c=11.73 2.43
0.4% Cr/99.6% Al 0.37 white 3, 8 a= 1796 4,55
: c=11.74 2.43
0.6%, Cr/99.4%, Al 0.65 off white 3, 8 a= 796 4.55
¢ =11.74 2.86
243
59 Cr/95% Al 4.60 grey 8, 6 a= 8.01 4.55
c=11.79 2.86
243
7%, Crf939; Al 7.40 grey 3, 0 a= 799 4.55
o ¢ =11.80 2.43
239% Cr/77% Al 23.30 grey green 8, a~ 8.00
c~11.8

*§ and @ indicate 8- and #-aluminas respectively, and « indicates «-chromia.

* Address: Colnbrook, Bucks, UK
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Figure 3 X-ray diffraction patterns of chromiafalumina
specimens compared with synthetic mixtures. (a) 100%,
Al; (b) chromia/alumina mixture containing 1 wt %, Cr,0;;
(c) 7% Cr/93% Al; (d) chromiafalumina mixture con-
taining 20 wt%, Cr,0,; (e) 23% Cr/77% Al. CuK,, radiation.
The arrows point to the reflection from «-chromia with
d-spacing 1.68 A.

X-ray diffractions pattern from untreated
specimens.

3.4. Electron Spin Resonance

Three basic types of spectra were found for
chromium-ions in the specimens. These arose
from (i) Cr®*-ions, (ii) individual Cr®*+-ions, and
(iii) clusters of Cr®+ including material of comp-
osition close to Cr,0,. Fig. 4 shows the spectra
from 7% Cr/93 % Al obtained over the tempera-
ture range 113 to 473° K. The components of the
spectra are identified in fig. 4 and are discussed
in sequence below.

Bw_resononce

13°%

173%

2717°x

323°K

473°K

[} 2
Field

Figure 4 Esr spectra of 7%, Crf93% Al measured at 9270
Mc/sec.

TABLE [ Susceptibility data for chromia/alumina specimens.

Sample, and gas  Fractional f g 1—-f—g 6K Cr®t cation m X 108 wt
treatment wt Cry04 fraction of  fraction of
alumina iron
) phase

0.6% Cr/99.49%, Al 0.0095 1.00 0.00 0 0 0.0065 0.4

H,

5% Cr/95% Al 0.067 0.42 0.50 0.08 —-20 0.021 1.5

0O,

59 Cr/95% Al 0.067 0.44 0.56 0 0 0.022 8.1

H.

239% Cr/77% Al 0.312 0.115 0.80 0.085 (] 0.035 0.0

(O

239, Cr/77% Al 0.312 0.125 0.875 ] — 60 0.038 2.8

H,

233



T.I. BARRY, R. K. BAYLISS, L. A. LAY

(i) The spectrum due to Cr®+ at 3360 Oe has
g = 1.968, and line width = 55 Qe. It is thus
identical to that found by other workers [9-12].
The spectrum is strongest when the Cr concen-
tration is below 1 at. %,. Cr5t is more sensitively
detected than Cr®+, so that the actual concentra-
tion is not high.

(ii) The weak but well defined peaks from 1250
to 1840 Oe are all due to isolated Cr®+-jons.
(No peaks due to Fe®+ or other impurities were
found in this region of the spectrum in the speci-
men containing no chromium.) Within the
large limits of experimental error, the intensities
of the resonances due to individual Cr®+-ions
were independent of the chromium content of the
specimens when this exceeded 0.6 9. Moreover,
there was no change in line width with increasing
Cr concentration. These observations indicate
that solution of Cr¥t-ions in the alumina was
very restricted. The spectra from individual Cr3+-
ions are discussed more fully in the appendix.
(iii) The Bw resonance ascribed by Poole et al
[13-15] to weakly coupled clusters is characterised
in the present work by a broad resonance
extending over about 1100 Oe and centred at
about 3000 Oe. It can be observed best either in
specimens containing low concentrations of
chromium at room temperature, or in specimens
containing higher concentrations of chromium at
about 150° K. The fact that the intensity of the
Bw resonance does not decrease with decreasing
temperature between 173 and 113° X indicates
that the magnetic coupling is weak. Approxi-
mate measurements of the By resonance show
that it has an intensity independent of chromium
concentration when this exceeds 5 at. 9. In the
present work it seems probable that the By
resonance arises from clusters of Cr3+-ions on the
surface of alumina particles.

The B~ resonance which occurs in specimens
containing >4 at. % has a line width of 600 Oe
at temperatures above 400° K. The sharp loss
of the resonance between 320 and 273° K, i.e.
below the Néel point of a-Cr,O4, confirms the
conclusion of Poole and Itzel [14] that material
of composition and structure close to «-Cr, 05 is
responsible for the Bw resonance. This result is
supported by X-ray data which show that the
o-Cr,0, present in 23%, Cr/77% Al contained
less than 10 at. % alumina.

In addition to the spectral features already
discussed, there is a small peak which changes in
field with changing temperature. At 473°K it
occurs at 2300 Oe, whereas at 113° K it has
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moved to 2120 Oe. Moreover, the intensity of the
peak increases slightly, but steadily, with
increasing temperature. Probably it arises from
some specific exchange-coupled pair of Cr3+-ions.

3.5. Magnetic Susceptibility Measurements
The aim of the magnetic susceptibility measure-
ments is to determine the proportion of Cr3+-
ions in solid solution in the alumina. In order to
eliminate effects due to ferromagnetism, the
susceptibility ¥ was determined by use of the
equation

ml dH dH
e m T WAL O
where p is the force on the specimen of mass W,
which contains a small ferromagnetic component
of fractional mass m, density p, and mag-
netisation intensity /. The specimen was sus-
pended in a magnetic field H, and vertical field
gradient dH/dx. x. is the diamagnetic suscepti-
bility of the cores of the atoms. A plot of p/W
divided by dH/dx against H gives the slope
(x + xc) and intercept mljp. In reduced speci-
mens, a marked fall in ml/p occurring between
770 and 870°K was probably due to small
particles of iron. The fractional weights of iron
necessary to account for the observed effects are
recorded in table III, column 8. Very small
particles of iron might be expécted to be super-
paramagnetic, i.e. to have a high, field-dependent
susceptibility in the temperature range from 400
to 900° K, which probably accounts for the ano-
malous behaviour of 5% Cr/959% Al in this
temperature range.

The experimentally determined values of
susceptibility derived from equation 1 are com-
pared in fig. 5, with curves derived from the
equation

x/y =fxp + gxx )]

where y is total chromijum content per gram of
specimen expressed as Cr,0y, fis the fraction of
the chromium in the form of dispersed Cr3+-ions,
and g is the fraction which behaves magnetically
like Cr,0j4. For reduced specimens, it is assumed
that (f+ g) = 1. xp and yn are the suscepti-
bilities of the dispersed and non-dispersed Cr3+-
ions; they are given by the expressions

xp = 0.0247/(T — 6) 3)

where T is the absolute temperature, and 8 is the
Weiss constant, and
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xy = (17.5 4+ 0.025T) x 10-¢
' between 80 and 300° K (4)

This is an approximate relation derived from the
data of Honda and Sone [16], and McGuire ef al

{17},
xx = 0.0231/(T + 420) above 450° K (5)

23Cr, 77Al

% x10°

Ha

T 06Cr, 994Al
L]

-.ll.‘x IO3
Figure 5 Magnetic susceptibilities of chromiafalumina
specimens.O, specimens pre-treated in O,; @, specimens
pre-treated in H,.

The value of § = —420° K was chosen from
the data of Bhatnagar et al [18] as appropriate
for specimens of small particle size. The values of
fand g are given in table III, together with the
values of § necessary to fit the data to equations
2 and 5. The X-ray studies show that the chromia/
alumina specimens are heterogeneous mixtures
of a-chromia and 8- and f-aluminas containing
some chromium-ions in solid solution. Calcula-
tions from equations 2 to 5 enable minimum
values to be placed on the extent of this solid
solution. For this purpose it is necessary to
assume that all the Cr3t-ions in the Cry,O4
particles behave magnetically like those in bulk
Cr,0,. With this assumption the minimum value
of the fraction of Cr®+ in solid solution in alumina
is given in table III, column 3, by f, which is

converted in column 7 to the fraction of cation
sites in the alumina phase which are occupied by
chromium.

The calculated fractions of total Cr®t, ie.
(f + g), were less than 1 for specimens not
treated in hydrogen. This denotes the presence of
hexavalent chromium which is diamagnetic, and
pentavalent chromium which has a low magnetic
moment. The diamagnetic fraction of chromium
is listed in table III, column 5. During reduction
by hydrogen, aggregation of chromium-ions
occurred, as shown by the increase in g. A
complete cycle of oxidation, reduction and re-
oxidation caused a permanent fall in the low
temperature susceptibility of 5% Cr/959 AL
The  susceptibility at 78°K, originally
7.30 x 10%, increased to 7.66 x 10-% with
oxidation, and to 10.21 x 10-% with reduction,
but fell to 7.09 x 10-% upon re-oxidation. This
irreversible fall is due to sintering of the Cr,Oj5
particles.

4. Discussion
4.1. The Degree of Solid Solution of Cr3* in
the Mixed Oxides

The methods of evaluation all indicate that the
extent of solid solution is not a very sensitive
function of chromium concentration at high
chromium contents. Thus the maximum possibie
value of the atom fraction of Cr3*+ present as
individual ions or as small clusters in the alumina
phases can be gauged from the results for
23% Cr/77%, Al The values from the three
methods are: X-ray diffraction, 0.1; esr, ~0.05;
magnetic susceptibility, 0.04. The discrepancies
may be accounted for in two ways. First, X-ray
diffraction underestimates the proportion of
Cr,0; present, and therefore overestimates the
proportion of dispersed Cr?+. Second, pairs of
Cr3*+-ions in neighbouring sites in the alumina
structure would have a very low temperature
coefficient of magnetic susceptibility at tempera-
tures below 300° K. Consequently these pairs
would not be included in the fraction of dispersed
Cr3+-ions calculated from susceptibility data.
Thus the most probable value for the maximum
atom fraction of Cr3+ present as individual ions
or as small clusters in the alumina phase is
0.05 to 0.07. Esr indicates that the fraction of
well-separated Cr3+-ions is only 0.01.

The discussion of the condensation process
which follows aims to account for this low
degree of solid solution, and also for the other
features of the product, such as particle mor-
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phology and crystallography, which are sum-
marised in the abstract.

4.2, Condensation Processes

During the conversion of metal chlorides to
finely divided mixed metal oxides, the material
passes rapidly through a wide temperature range.
Thermodynamic data are unreliable for tempera-
tures above 2000° K. Nevertheless, considera-
tion of the data leads to a qualitative under-
standing of the condensation process which is in
agreement with features of the observed product.
Values from the JANAF tables [19] were used.
As a basis for the following discussion it will be
assumed that the gas phase reactions are rapid,
and approach equilibrium, whereas processes in
the condensed phases may lag behind equilib-
rium. The results are shown to be consistent
with these assumptions.

4.3. Condensation of Alumina

The free energies of formation of gaseous
aluminium chloride and oxide species are
roughly comparable at the plasma temperature.
However, oxide species will be produced pre-
dominantly, because of the large excess of oxygen
in the plasma. A mass spectrometric examination
of the vaporisation of alumina has been reported
by Drowart et al [20] who observed the presence
of Al, Al,O, AlO, Al,0,, and O in the gas phase
under neutral conditions. As pointed out by
Alcock [21], the dissociative vaporisation of
oxides must be suppressed by oxygen. Calcula-
tions show that in one atmosphere oxygen pres-
sure the vapour pressures of Al, AL,O, AlO, and
Al,O, are negligibly small even at 3000° K,
compared with the partial pressure of alumina
feed material in the plasma. Thus condensation
of alumina to liquid droplets may commence at
temperatures as high as 3000° K, and is likely to
be complete before crystallisation of alumina
occurs at 2320° K or lower, because the super-
saturation in the gas phase would be very high at
this temperature.

The melting point of -alumina is necessarily
lower than that of the stable phase «-alumina.
Possible reasons for the occurrence of the &-
rather than the a-form in flame-sprayed particles
are discussed by Plummer [2] and Rooksby [22].
Plummer considers that in the liquid phase a
large proportion of aluminium atoms have
tetrahedral rather than octahedral co-ordination.
He gives arguments to show that, with rapid
quenching, the existence of tetrahedrally co-
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ordinated aluminium atoms will lead to the
formation of a cubic, close-packed oxygen
lattice, whereas, under equilibrium conditions,
all the aluminium atoms have time to move into
octahedral sites, and this in turn leads to hexa-
gonal packing of the oxygen atoms in the o-
alumina structure.

The later work of Das and Fulrath [6] makes it
clear that the phases of alumina found are
determined primarily by the rates of nucleation
rather than of crystallisation, the crystallisation
rates being very rapid. This is confirmed by some
recent work [23], in which we have found that
only -alumina was produced by quenching 50 ug
specimens of liquid alumina in thermocouple
loops [24, 25] at 10*° C/sec. This is a some-
what faster rate of cooling than that achieved in
the plasma torch. (Temperature gradients within
the specimen can be shown to be negligible.)
Presumably, the relatively large specimens,
which are about 102 times bigger than the
particles from the plasma, have a high statistical
probability of producing «-alumina nuclei
during cooling. The undercooling of the alumina
liquid was approximately 60° C at a cooling rate
of 200 to 1000° C/sec.

4.4, Condensation of Chromia

The formation of chromium oxide particles from
CrO,Cl, probably follows a similar course to
that of alumina particles, but differs in the
important respect that condensation occurs
directly to solid, rather than to liquid, particles.
The melting point of Cr,O4, 2600° K, is higher
than that of alumina, and the vapour pressure at
this temperature is also higher. The data of
Grimley, Burns, and Inghram [26] for the tem-
perature range 1839 to 2059° K show that Cr,O,
vaporises congruently: Cr atoms, CrO, CrO,,
Cr0Q,, O, and O, co-exist in the gas phase. An
extrapolation of the data shows that the vapour
pressure at the melting point is very much
greater than the partial pressure of chromium-
bearing species in the tail flame. For this reason
Cr,04 must condense as solid particles, probably
in the temperature range 2100 to 1900° K. The
electron micrographs of fig. 2 show that the
majority of particles of chromia have angular
shapes, many with some hexagonal character,
whereas other specimens have a great majority
of spherical particles. These results suggest that
there may be a correlation between the shape of
the particles and whether they form initially as
liquids or solids.
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4.5. The Condensation of Chromia/
Alumina Preparations

The vapour pressure of alumina is so low in the
presence of oxygen that condensation of alumina
must occur well in advance of the condensation
of chromia, even when allowances are made for
the low accommodation coefficient of alumina
[21], and the lowering of the vapour pressure of
chromia by solution in the alumina. Thus there
can be no “co-precipitation” of the two oxides
from the plasma, and solid solution of alumina
in the chromia particles cannot occur. On the
other hand, solution of chromia in the alumina
could occur by a different process; chromium-
ions might condense on the surface of liquid
alumina droplets, and dissolve into the bulk.
However, the experimental result of a low
degree of solution of chromia in alumina shows
that this process does occur, but to a limited
extent.

The effect the chromium has in decreasing the
proportion of amorphous alumina and increas-
ing the proportion of @-alumina implies that
these chromium-ions condense on the alumina
droplets before crystallisation occurs. The role
of the chromium-ions in preventing the occur-
rence of amorphous material may be related to
the strong octahedral site preference of Cr3t-
ions, and to the effect of transition metal ions in
promoting the controlled rucleation of crystal-
lisation of glass.

There is no reason to believe that the lack of
solid solution in the plasma preparation is due
to a low solubility at equilibrium. «-Cr,04; and
a-alumina form a complete range of solid
solutions, and Cr®+ is likely to be soluble in the
octahedral sites of S-alumina.

Conclusions

(i) The preparation of alumina in an induction
plasma torch leads mainly to 6-Al,04 with some
6-Al,0,; both are metastable phases. The
particles probably condense as liquid droplets at
temperatures close to 3000° K because of the low
vapour pressure of alumina in an oxygen
atmosphere.

(ii) The preparation of chromia gives a-Cr,O,
containing a proportion of thin hexagonal
platelets. This is consistent with the view that
Cr,0; condenses as a solid, probably in the
temperature range 2100 to 1900° K.

(iii) For the mixed oxide system, solid solution of
alumina in «-Cr,O5 was not detected, and solid
solution of chromia in 6-Al,O,; was limited to

5 to 69,. The low degree of solid solution is
attributed to the disparity in vapour pressures of
the two oxides.

(iv) Alumina affects the morphology of the
a-Cr,04, which suggests that part of the limited
degree of solid solution observed could be due to
condensation of chromia vapour on alumina
droplets.
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Appendix
Electron spin resonance of individual Cr3+ centres

The use of the methods developed by van Reijen
[11} indicates that at least three different sites
are needed for the isolated Cr®*-ions to account
for the observed spectra. All the sites are likely
to be in distorted octahedra of oxygen-ions. The
fact that all the peaks occur at low fields indicates
that the axial field parameter, D, is comparable
to, or larger than, the microwave energy. If this
is assumed to be the case, then the observed
resonance peaks may be assigned to various
degrees of orthorhombic distortion, E/D. For
axial symmetry E/D = 0, and for maximum
orthorhombic distortion E/D = 1/3. The g-
value of 1.98 was used throughout.
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(i) The peak at 1250 Oe with a shoulder at 1200
Oe can be assigned to a Cr?+ centre with E/D =
0.25. This is in accordance with the observations
of van Reijen [11] on a specimen containing
predominantly #-alumina. The value of E/D was
shown to be consistent both with the structure of
6-A1,0,, and the data of Peter and Schawlow [27]
on iso-structural B-Ga,0;. Another peak should
occur at 2700 Oe, but this is likely to be weaker
and broader than the peak at 1250 Oe.

(ii) The peaks at 1660 and 1840 Oe could arise
from Cr3t in a site of close to axial symmetry
with only a slight orthorhombic distortion. E/D
= 0.05.

(iii) The peaks at 1370 and 1450 Oe may be due
to Cr3+ centres in two different sites, with values
of E/D close to 0.15. The peak at 2400 Oe may
also be due to one of these centres. However,
these assignments are less definite than those dis-
cussed in paragraphs (i) and (ii).

The spectra described in paragraphs (ii) and
(iii) almost certainly arise from individual Cr®+-
ions in d-alumina, but neither unambiguously
fits the data of van Reijen [11]. The field values
found by van Reijen were 1360 and 1550 Oe
(values adjusted to suit our microwave fre-
quency). However, van Reijen’s 8-alumina was
prepared from Bohemite, and the X-ray pattern
was poorly developed.



