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When aluminum or chormium is substituted by Fe** ions in «-Fe,0,, all the ir bands gradually shift
toward high frequencies. Alternatively, for the « phases of type (Fe,Cr,_,Al,)O, the transition occurs
sharply for a composition y close to 2. For « phases substituted by (Fe,_,Cr,)Oqtype chromium a
linear variation of frequency with chromium content is observed. From ir data it has been shown that,
under given temperature and time conditions, an « phase less rich in chromium than the initial product
could be obtained by oxidizing iron chromite. The ir spectrum of the oxidation of pure magnetites the
size of which is between 1400 and 15000 A evolves versus the latter to yield either the y-Fe;0; or the
aFe,0; phase which can be formed from y-Fe;O; or by direct oxidation of Fe;0,.

Introduction

The stability of lacunar spinel y phases
resulting from the low-temperature oxida-
tion (350°C) of Al- or Cr-substituted
magnetites (Fe2*Fed* M, 3022 (0 < x <
2; M3 = AP, Cr?t) as well as solid solu-
tions (Fe?*Al}*.Cr,3H0, 0 < x < 2)
(/-3) is above all governed by the Al or
Cr substitution ratio x and the nature of
the substituent (4, 5). All these lacunar
spinels undergo crystal structure changes
by rising temperature; in all cases it is the
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transformation of a lattice of cubic sym-
metry into a rhombohedral lattice which
is stable at high temperature. The phases
that are richer in Al are the more stable
since temperatures of about 900°C are
required for the transformation -
Fe,Al,04 — o-Fe,Al, 04 and 700°C for the
transformation y-Fe,Cr,0, — o-Fe,Cr,0,.
In all cases those temperatures are far
higher than those of the transformation y-
Fe,0; —» «-Fe,0, for which the tempera-
ture is about 400°C.

For the temperatures considered and for
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sufficiently long oxidation times, the o-
phase composition is the same as that of the
v phase. It has also been shown (6) that
during the initial spinel oxidation, the pas-
sage of the intermediate y phase is possible
only if crystallite size is less than about
4000 A. Above oxidation results directly in
o phase. However, it should be noticed that
during the oxidation of some systems of
aluminates and ferrites—although a pas-
sage through one or several intermediate
phases is also observed—the precipitation
of corundum o-Al;QO3 or hematite a-Fe 04
is most often observed. Thus, for magne-
sium aluminates, the final stage is reached
(a-Al;03) only after prior precipitation fol-
lowed by the occurrence and the transfor-
mation of one or several monoclinical
phases (7, 8). For manganese aluminates
first, a compound y-(Mn,Al),0; forms with
distorted spinel structure (9), which gradu-
ally becomes y-Al,O; by diffusion of man-
ganese ions out of the previous phase, and
a-Al,O; in final phase. For mixed ferrites
MFe,0,~Fe,0, (M = Ni, Mg, Zn, Co)
oxidation to «-Fe,O; may also be, in some
cases, preceded by the formation of a lacu-
nar cubic phase v-(Fe,0j),_(MFe,0,),
(10, 11) if the crystals are sufficiently small.

Following results by spectrometry for Al-
or €r-substituted magnetites and y lacunar
spinels (12) it was worthwhile to further
investigate the o phases precisely resulting
from transformation by raising the tempera-
ture of these y lacunar phases and hence to
see whether composition is not changed
during precipitation.

Samples—Experimental

The techniques of preparation and char-
acterization (TDA, X-ray analysis, specific
area, chemical analysis, morphology) have
already been quoted in Refs. (/-3). The
products oxidized into y phase of same
composition and morphology as initial
products are those obtained by oxidation
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kinetic studies in thermobalance, i.e., un-
der conditions such that the spinel structure
is preserved (oxidation temperature less
than 350°C and oxygen pressure 12 Torr).
In all cases X-ray analysis has confirmed
this structure so long as crystallites are
sufficiently small (<4000 A). The transfor-
mation into the « phase is simply achieved
by heating, with air, to temperatures
slightly above those of occurrence of the
second exothermic phenomenon elsewhere
exhibited by TDA (4, 5).

In the case of pure magnetites and to
bring to its end a previous study (6) the
crystallites were made to vary from 1400 to
15,000 A so as to obtain not only the y but
also the rhombohedral « phase during oxi-
dation. The magnetites termed (C), (D),
(E), and (F) were 1400, 6000, and 15,000 A,
respectively. For magnetites (D), (E), and
(F) the partial oxidation ratios # (0 < 8 < 1)
obtained in thermobalance (6) were also
considered.

The spectra were recorded with a Beck-
man IR 4250 spectrometer over the range
1100-200 ¢cm™'. About 1 mg of sample was
mixed and ground with 200 mg CsI before
being pelleted under 160 bars.

Results and Discussion

1. Infrared Spectrum Evolution with
Crystallite Size during Oxidation of
Pure Magnetite

Earlier studies on the kinetics of oxida-
tion in thermobalance have shown that this
kinetics differs with the size of crystallites
(6). The ir spectra of partially (8 < 1) or
totally oxidized (6 = 1) products (Fig. 1)
exhibit only the y-Fe,O, phase for crystals
less than 5000 A (magnetite C), and the
rhombohedral « phase for crystals more
than 10,000 A (magnetite F); the large num-
ber of absorption bands for y-Fe,0, (C)
results from a vacancy ordering on octahe-
dral sites (4).
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FiG. 1. Evolution of magnetite ir spectrum for
different sizes during oxidation.

For sizes of intermediate crystallites
Fe;0, (D) and Fe;0, (E) first the v phase
occurred during oxidation, then the « phase
at the end of the reaction. For instance, for
crystallites about 6000 A (Fe;O, (D)) the ir
spectrum shows that the v phase remains
until a conversion extent # = 0.8; beyond
the rhombohedral « phase occurs. For
Fe,O, (F) the v phase disappears much
earlier, i.e., since, when ¢ > 0.40, only the
« phase occurs.

The results obtained by ir spectrometry
thus confirm a previous study in thermo-
gravimetry and X-ray analysis (6). Both
phases y and « do not seem to be able to
coexist, the y phase being transformed into
the « phase as soon as stresses occur in the
grain bulk.

2. Infrared Spectrum of a Rhombohedral
Phases Obtained during Transformation
of y Lacunar Phases of Type
(Fedt ,M303% and (Fe3*Crit , ABNHO%
Whereas the ir spectra of o-Fe,0;, a-
ALQ,;, and o-Cr,O; phases have already
been published for those structures of co-
rundum type (/3, 14) no data are available
in the literature on mixed phases of type «-
(Feg_ M )04 and a-(Fe,Cr,_,Al,)O,. Also,
whereas Raman and ir spectra are totally
available for a-Al,0, and only partially for
«-Cr,0,; and «-Fe,0, nothing satisfactory
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Fic. 2. Infrared spectra of solid solutions «-
(Fe;;-,Cr,)0,.

has been assigned for the vibrations of
those structures.

(a) Infrared spectrum of phases a-
(Fee_,M,)0y (M3 = AI**, Cr3+; 0 <y <
4). Figures 2 and 3 relate to a phases
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FiG. 3. Vibrational behavior. Evolution of absorp-
tion bands for solid solutions o-(Fes_,Cr,)O, and o-
(Feg-yAl)Osq.
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obtained by transformation, between 400
and 700°C, of Cr-substituted y phases
and, between 400 and 900°C, of Al-substi-
tuted y phases. A regular evolution of the
spectra is noticed when passing on the
one hand from a-Fe,0; to a-FeCr,0, and,
on the other, from a-Fe,0; to a-FeAlLO,,
substitution by chromium or aluminum
causing all the bands to shift toward high
frequencies. Figure 4 contains the posi-
tion of the absorption bands of the «
phases whose composition changes from
that of «-Fe,O; to that of a-FeCr,O,, the
chromium composition variation being the
ordinate. The bands move linearly with
chromium content variation. In addition it
has been established that by extending
the dotted lines in Fig. 4 until the compo-
sition of a-Cr,0; (y = 6) the following
values are obtained for the three sharpest
absorption bands of this compound: 639,
582, and 440 cm™!, which are very close
to the values reported by Preudhomme
(/4), which are 643, 583, and 444 cm™!;
respectively. For the a phases whose
composition varies from a-Fe,O; to a-
Al,O, and passing through a-Fe,AL O, the
previous relation between band position
and aluminum content is far less evident.
Indeed, if considering as previously the
linear relation for the highest-frequency
band of a-Fe,O; passing through every
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FiG. 4. Displacement of the absorption bands of
solid solutions o-(Feg_,Cr,)O, versus chromium con-
tent.
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Fic. 5. Infrared spectra of solid solutions «-
(Fe,Cry_,Al)O,.

intermediate composition, 596 cm™! is ob-
tained for the a-AlL,O; band, a value
which is more in agreement with that of
the second band frequency of high inten-
sity reported by Preudhomme (602 cm™)
than with that of the first band (645
cm™!). This frequency difference, when
light atoms such as aluminum are substi-
tuted by heavier atoms like chromium or
iron, seems to be rather common since
Preudhomme and Tarte (/5) and the au-
thors (/2) had already observed such an
anomaly for spinel solid solutions of type
MCr,0,~MAL,O, (M = Fe, Zn, Cd, Co).
This anomaly is shown still better in the
case of solid solutions which are studied
below.

(b) Infrared spectrum of phases a-(Fe}*
ABTCrit, )O3 (0 <y < 4). Figures 5 and 6
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Fi1G. 6. Vibrational behavior. Evolution of absorp-
tion bands for solid solutions a-(Fe,Cr,_,Al,)O,.

show, respectively, the ir spectrum and the
position of the absorption bands of «
phases obtained by the transformation, be-
tween 700 and 900°C, of the chromium- and
aluminum-substituted y phases. The spec-
tra obtained look like that of either o-
FeAl,O, or a-FeCr,O, depending on
whether the phase is richer in aluminum
than in chromium or inversely. The spec-
trum of Fe,Al, ,Cr, O, is intermediate.

3. Discussion

An earlier paper (16) showed that the
process proposed by Kachi et al. (17) for
the restacking of y-Fe,O; to o-Fe,O; may
be assumed valid for all substituted
magnetites. If the beginning of that process
does not involve vacancies (applicable to
Fe;0, as well as y-Fe,0), on the contrary
the final process consisting of transforming
the ‘‘kagome’’ lattices formed at the begin-
ning of the transformation into the ‘‘honey
comb’’ lattices of the final rhombohedral
phase must take those vacancies into ac-
count. Indeed one-ninth of the lattice points
must be occupied by vacancies of structural
formulas:

y-[Fedls O 19l Mide O 291,05~ or
yIFedili[Fetds O 361,057,

depending on whether the vacancies are
distributed between the tetrahedral and oc-
tahedral sites (e.g., y-(FeiM$5),057) or are
all on octahedral sites (e.g., v-Fe;O3). Un-
der these conditions some metallic ions will
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cooperatively migrate to neighboring posi-
tions and the ‘‘honeycomb’’ configuration
is set up. Let us notice, however, that the
corundum structure is a distorted form of
the idealized arrangement of hexagonally
close-packed O~ ions with M3* ions regu-
larly distributed in two-thirds of the octahe-
dral holes. Thus, it may be regarded as a
structure of linked M O; octahéedra (Fig. 7a).
If attention is focused on anions these lie on
twofold axes coordinated by four cations in
a distorted tetrahedron (Fig. 7b) so that it
may be predicted that one direction of
displacement of the oxygens (d;) must be
less restrained than either the other perpen-
dicular displacement (d,) or the axial dis-
placement (a). One vibration involving (d,)
is predicted to appear in each of the A,,, E,,
and E, modes, these being already
identified at frequencies between 400 and
450 cm™ in ALO; and Cr,0,, decreasing to
around 300 cm™ in Fe,O; (I8). In o-
(Fes_ M ,)Og4type compounds this vibration
occurs between 300 and 420 cm™!, and
between 350 and 420 cm™ for o-
(Fe,Al,Cr,_)O4-type compounds. As for
higher-frequency bands (perpendicular dis-
placement d;, and axial displacement a),
which must necessarily be assigned to the
vibrations of the octahedra lattice of MO,
type, they are found in the same absorption
range (550-650 cm™) as the high-frequency
bands of normal II-III spinels and are in

Fi1G. 7. Corundum structure. (a) Coordination of
M?3*. (b) Coordination of O?~: taking O as lying on the
plane of the paper, R lies above and R’ below the
plane; the twofold axis through oxygen is perpendicu-
lar to the plane. Displacement d, is stronger than d,.



250

very good agreement with the absorption
ranges of several groups of ‘‘condensed”
octahedra (this notation has been reported
by Tarte (/9) and corresponds to coordi-
nated groups interlinked by common oxy-
gen atoms to form chains, sheets, or tridi-
mensional  networks) reported by
Preudhomme and Tarte (/5). This corre-
spondence is well illustrated in Fig. 8 show-
ing an easy comparison of the absorption
range for different condensed octahedra
MM"MQ, in nonspinel compounds and those
for spinel compounds, y lacunar phases, and
the corresponding rhombohedral phases.
This confirms earlier results (/2) where the
two, sharp high-frequency bands v, and v,
of the initial and oxidized spinels had been
attributed to the vibrations of octahedral
groups. In addition, the comparison of the
above results for solid solutions rich in iron
with those for slighty aluminum- or chro-
mium-substituted magnetites is also inter-
esting—in both cases, the higher frequen-
cies are about 100 cm™ less as similar
frequencies of aluminum- or chromium-rich
compounds. Figure 8 shows that in all cases
the lower frequencies are related to the
FeOq groups, those low frequencies proba-
bly resulting from a weakening in the cat-
ion—-oxygen bond.

It has also been reported (/8) that vibra-
tions involving cations moving relative to
each other (absorption bands occur for low-
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F1G. 8. Analogy between absorption ranges of AlQs,
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FiG. 9. Identification of « and y phases of oxidized
iron chromite for various times and temperatures.

est frequencies) show the expected drop in
frequency from Al to Cr. The decrease in
all vibrations of Fe,O, compared with those
of Cr,0; is a common feature of ferric
compounds.

4. Evolution of the ir Spectrum of y~(Fe**
Crit0%") under Different Treatment
Conditions

It has been shown above that the sharp-
est three bands of « phases whose composi-
tion changes from «-Fe,0,; to a-FeCr,0,
move linearly with Cr content. Thus, when
the spectrum of an unknown, a-Fe¢-,Cr,Oy
type product is available, the latter may be
identified referring to Fig. 4. This
identification is made easier due to the fact
that y phases only yield two absorption
bands, situated in the range 500-600 ¢cm ™
(as for spinels), thus largely different from
the third absorption band of « phases which
is situated around 400 cm™.

Figure 9 shows the evolution of the ab-
sorption bands of o-Fe,Cr,0,, which is
obtained for various times and transforma-
tion temperatures of y-Fe,Cr O,. For trans-
formation temperatures not exceeding
600°C the y-phase bands are observed and,
by comparison with Fig. 4, the bands of an
« phase, the composition of which evolves.
We thus pass from the composition of «-
(Fe4 4Cr; §O4) (transformation for 15 min at
500°C) to that of a-(Fe,Cr,0,) (transforma-
tion for 60 min at 500°C), then that of -
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(Fe,Cr,0¢) (transformation for 15 min at
600°C), and finally that of a-Fe,Cr,O, from
600°C for 1 hr. For temperatures above
600°C the bands corresponding to phase «-
(Fe,Cr,0,) are observed with only traces of
V.

This information conforms to that ob-
tained in X-ray analysis (F. Chassagneux,
private communication). The « phase thus
occurs with a composition less rich in chro-
mium than the initial product; then as tem-
perature rises and transformation time in-
creases, this o phase is enriched in
chromium to yield finally a-(Fe,Cr,Oy)
which is that of the compound correspond-
ing to the initial phase. Hence it must be
concluded that meanwhile the Cr content of
the v phase evolves inversely.

Conclusion

The ir investigation, in the range 800-200
cm !, already carried out for Al- and Cr-
substituted magnetites as well as the lacu-
nar y phases has been extended to the «
rhombohedral phases from which they de-
rive by high-temperature transformation.
All bands shift toward high frequencies
when Al or Cr is substituted by iron in -
Fe,O.. Concerning the « phases substituted
by Al and Cr and the « phases strongly
substituted by Al or Cr, both sharp bands in
the range 550-650 cm ! (which must neces-
sarily be assigned to the vibrations of the
octahedra lattice) recall, in their profile and
their position, both high-frequency bands
of normal spinels II-III. The analogy is also
valid for « phases slightly substituted to Al
or Cr for which, as for slightly substituted
spinels (inverse spinels II-I1I), a decrease
of about 100 cm ™! in frequency is observed
with far more diffuse bands.

The ir spectra of the « phases substituted
by Cr are particularly interesting. As the
shift of the bands is regular with Cr content
it has been possibie, by comparison, to
identify rapidly an unknown product. It has
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thus been shown that under given time and
temperature conditions, the composition of
the « phase may be different from that of
the v phase from which it is derived with, in
particular, a Cr content less than that of the
initial phase. Such a behavior, if it exists, is
more difficult to show by ir for similar
compounds substituted by Al because of a
greater inaccuracy in the determination of
the position of the absorption bands and a
lack of linearity between those bands’ posi-
tion and the Al content.

Finally in the case of magnetite oxidation
(size between 1400 and 15,000 A) ir spec-
trometry proved an interesting method to
identify the phases present. This method
had already proved useful to solve prob-
lems such as ordering or lack of ordering of
vacancies in v phases (/2).
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