





















































































































































































































































FIGURE YII APPARATUS FOR REACTING FERRIC AND
MAGNESIUM OXIDES AT LOW EFFECTIVE OXYGEN PRESSURES




FIGURE YIII APPARATUS FOR REACTING FERAIC AND
MAGNESIUM OXIDES AT LOW EFFECTIVE OXYGEN PRESSURES
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D.J. Bevan, J.P. Shelton and J.S. Anderson®” have shown by
conductivity measurements at various oxygen pressures, that
lgFeg04 is a metal-excess (electron) conduetor, whiech on loss
of oxygen accommodates the excess metal interstitially. The
metal-rich phase obtained on such dissociation may be regarded
as being to some extent analogous to the metal-rich phase
obtained here by increasing the ratio of 1g®* ions to Fed+
ions. On this basis, the limit of solid solubility of NgO

in NgFep04, represents the composition at whiech the concentra-
tion of Frenkel defects reaches a limiting value.

These defects in the non-stoicheiometric range of
the spinel phase of the lig0-Fep0z system violate the true
symmetry of the spinel structure, which has been discussed
in the Introduction. This loss of symmetry, however, is
not sufficiently developed for extra lines to appear in the
X-ray powder patterns of the single phase spinel samples.

(3) Reduetion Isotherms.

The reduction of magnesium ferrite falls into three
phase regions, indicated by A, B and C on the reduction iso-
therms of the two compositions MgO+FepOz and Ng0+l.192Fep03
in Figure XX, Phase region A consists of the ferrite phase
alone and extends from high oxygen pressures to the point at

which reduction is first detectable by chemical analysis.






131.

Phase Region B.

The X-ray powder patterns of the samples in the
first part of this region show the lines of the ferrite phase
and the mixed oxide phase (lg,Fe)O. The patterns of samples
prepared in the lower oxygen pressure range of this region
show only the lines of the mixed oxide phase.

It has already been mentioned in discussing the
mixed erystal formation in the MgO-Feglz system, that
J.S. Anderson®9:68 has derived a relationship between the
activity of the cormponents and the concentration of lattice
defects, which reproduces satisfactorily the observed (p,X)p
and (T,X)p relations of typieal systems, e.g., the Pt-PtS-PtSa
systemn. This relationship prediets the occurrence of a two-
phase region, when the concentration of lattice defects reaches
the energetically permissible 1imit under the conditions
prevailing. In Phase Region A the coneentration of defects,
in this case Frenkel defects, increases with decrease in
oxygen pressure until the limiting ceoncentration is reached.
At this stage the experimental pressure equals the eritiecal
pressure at the reaction temperature and further decrease in
the oxygen pressure involves the appearance of a second phase,
through the mutual attraction of the defeets.

The removal of 0°~ ions from the lattice involves
an effective decrease in valency of a corresponding number of

cations, which are then accommodated interstitially, but at
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first only in the surface layers of the lattice. The
reaction prodeeds by the migration of these Frenkel defects
from one inter-lattice position to the next through the body
of the cerystal. Such movement must involve the surmounting
of a certain potential barrier. It is the height of this
barrier that determines the activation energy of the diffusion
process. In practice, this self-diffusion becomes appreciable
above 0.5 x absolute melting point of the material, i.e.,
above the Tammann temperaturesg, whieh for magnesium ferrite
is approximately 740°C, The reaction temperature of 1200°C,
employed here is well above this temperature.

On consideration of the system it may be seen that
the coexistence of two solid phases is in accordance with the
Phase Rule, which states:-

P+F =Ca+2
Where, P = Number of phases.

F = Number of degrees of freedom.

and C = Number of Components.

If there are three phases, two solid and one gaseous,
in this three component system, then:-

F = 3-3:2 =2

Thus such a system has two degrees of freedom,

This agrees with the observed characteristiocs of the system,
the variables of which sre temperature, pressure and two

concentrations, two of which must be fixed to define the

system completely.
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The nature of these two phases has now to be
considered. The reduction of magnesium ferrite leads to
the formation of ferrous iron, which, when the limiting
concentration of defects has been reached, will appear as
ferrous oxide together with the corresponding amount of
magnesium oxide. These two oxides are known to form a
complete mixed crystal rangezz, thus the Mgl and Fe( formed
in the decomposition will form the mixed oxide (lig,Fe)C.
On this basis, the two solid phases would be (lig,Fe)0 and
ligFepglq, saturated with defects, which is in agreement with
the XA-ray patterns, which show the lines of the mixed oxide
and a spinel. However, on reconsidering the stage where the
magnesium ferrite was regarded, for the purpose of discussion,
to have partly decomposed to ferrous oxide and magnesium oxide,
it will be seen that this spinel phase may not be pure ligFes04.
In the system megnesium ferrite and ferrous oxide are coexisting
and it is reasonable to suppose that replacement of the Mgz*
ions of the ferrite by Fe?* ions will take place. This would
lead to the formation of the mixed spinel (Mg,Fe)Fes04 plus
magnesium oxide formed from the displaced Mgz* ions. The
formation of the two phases (lig,Fe)FegO4 and (Mg,Fe)O is get
out schematically below, but it is not implied that the actual

reduction proceeds by the mechanisms shown.
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Waa()‘ y |2Fe0 4+ gl + e

: frgp e+
v

(Mg, Fe)rep0s (Mg, 7e)0
+*
Lg0

The positions of the lines in the X~-ray patterns
of NgFep0y and FeFeply are very gimilar and thus the pattern
of the mixed spinel (lMg,Fe)Fegl4 would not be expected to
show any appreciable variation in the positions of the lines
with composition. However, the lattice econstants, and hence
the positions of the lines, of the mixed oxide (1ig,7e)0 show
considerable variation with composition; the lattice eonstant
varying from 4.200A for pure kgl to 4.3C0A for pure FeO, The
gurve for the variation of the lattice constant of this mixed
oxide with composition has been reliabdbly determined by A.H. Jay
and K.W. AndrewsS?, The lattice constant of the mixed oxide
phase in all the samples has been determined and consequently
the composition of this phase may be obtained from the results
of these investigators. Unce the ecomposition of this phase
is known, the composition of the other solid phase may be
calculated from a knowledge of the overall cormposition of the

material, as determined by chemical analysis.
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In this caloulation it is necessary to ignore the
mixed crystal formation between the two phases, whiech will
necessarily contain their respective limiting concentrations
of defects. The extent of the non-stoicheiometry arising
from this will be considered by analogy with the parallel
system Fez04-~-FeO, for which data are available. The results
of R. Schenck and T. Dingmann®°, S. Hilpert and J. Beyer?®
and A, Matsubara’l show that the limiting composition of the
oxygen-rich FeO phase, i.e., Wistite, is Fep 90; o in the
temperature range 800°-1200°C, A, Matsubara'l gives the
limiting composition of the oxygen-deficient Fez04 phase at
1175%. as Feg 04,00 Thus the mixed orystal formation in
the system Fe304-FeO ig small, and consequently it will be
assumed that the mixed crystal formation in the very similar
system (Mg,Fe)Fep04~-(Mg,Fe)0 is also small.,

On this assumption the results obtained here have
been used in conjunetion with the results of A.H. Jay and
K.W. Andrews to ealeulate the approximate compositions and
the relative proportions of the two 80lid phases, which are

recorded below in Table XVII.




TABLE XVII
APPROXIMATE COMPOSITIONS OF SOLID PHASES IN PHASE REGION B

IN RE. OF Mgl+Fegl3(liggFeq 032)
LATTICL APPROXIMATE COMPOSITION
SAPLE | L0G CALGULATED Fyas, |CONSTAIT OF SOLID PHASES
| Fop COMPOSITION OXIDE  [MIXED OXIDE FROM |MOL 9 | CALCULATED
‘ PHASE |LATTICE CONSTANT | OF | COMPOSITION
MIXED | OF SPINEL
OXIDE PHASE
73 1-9.99 |MgB.59Fe17,18032.00 | 4.255 |Mgyg.4Feys g032.0| 227 (M§5'56F°2'5)
“ e16Y32 |
64 |-10.07 Mgg.g7Fe17.74035 00 | 4.255 [Mgyg.4Feis ¢032.0 337 (Mgg,gsFe4,2)
‘ 16932
" !'-10'20 MS9.43F918.96052,00 4.258 |Mg18,.2Fey3,8032.0| 52% F°8Fé16052
77 |-10.35 Mgy .g1Fe19.62052.00 | 4.262 |Vey7.1Fers.9032.0| 57%  FegFe1s0ss
| 55 -10.51 Mgy gyFe19,74032.00 | 4.265 Mgy, Fe16.0032,0) 62% | FegFe1g0sz
%0 |L1.71[Me10.25F 850 46052.00) 4.276 [Ugyp oFe19,605z,0| 84% | FegFeyq0s
4 |-12.74 Mgyo 4rPeng,04052.00| 4:288 |Meg gFegp (0350 | 100% -

‘98T
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From these results it appears that the progressive
replacement of magnesium ions in the spinel by ferrous ions
is substantially complete when approximately half of the
ferric iron originally present has been reduced to the ferrous
gtate. This oecurs in the oxygen pressure range log P02-1°-°7
to -10.20. This conclusion is borne out by the results for
the system MglO+1.192Fep03, in which the substantially complete
replacement of the magnesium ions in the spinel appears to take
place in the oxygen pressure range log P02-9.78 to -10,05,

Magnesium ferrite and magnetite, FegFe,5035, both
have.the inversed spinel structure, which has been discusgsed
thoroughly in the Introduction. In this structure the 8
bivalent cations oceupy 8 of the 16 available oetahedral spaces
and the 16 tervalent cations are divided equally between the
remaining 8 available octahedral spaces and the 8 available
tetrahedral spaces, in a unit cell of 32 OXxygen ions. From
this it appears that during the reduction of magnesium ferrite,
the octahedral spaces of the mixed spinel (ME:F°)8F°16032
contain ferric ions, ferrous ions and magnesium ions distributed
at random. When substantially all the magnesium ions are
present in the mixed oxide phase, the spinel is effectively
magnetite, in which the octahedral spaces contain ferrie and
ferrous ions distributed at random; the tetrahedral spaces

containing only ferric ions.



138.

As the oxygen pressure decreases, the proportion
of the spinel phase present also deereases. When all the
iron has been reduced to the ferrous state, there is no
spinel phase and the mixed oxide phase has the theoretical
gomposition MgO+2FeO, or M510.67F°21.35°32.oo' in the case
of the stoicheiometric ferrite and lMgO+2.384Fe0, or
Vgg ,a57e22,54932.,00° in the case of the system Mg0+l.192Fep03.
This oecurs in both cases at the oXygen pressure log POg
-12.65 to -12.75. The spinel phase will actually disappear
before this stage owing to the slight solubility of this
phase in the mixed oxide. By analogy with oxygen-rich FeO,
the mixed oxide phase then consists of a substantially complete
oxygen lattice, but an incomplete cation lattice, the electro-
static balance being maintained by the presence of the ferrie
ions, i.e., the mixed oxide contains unbalanced Schottky defects

The results obtained show that the ferrite of
composition Mgl0+1.192Feg03 18 initially reduced to the two
phase state at a higher oXxygen pressure than the stoicheio-
metric ferrite. At the oxygen pressure at which reduetion
first occurs in the iron-rich material, the pure spinel is
still the most stable form for the stoicheiometriec ferrite,
as the limiting concentration of defects has not been reached,

thus the latter material is not reduced. But, at this

oxygen pressure in the case of the iron-rich material, the
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solid solution of excess rhombie Fep0z in the cubie
lgFeg0y4 becomes less stable than the mixed oxide - mixed
spinel configuration, in which the excess iron is easily
accommodated in the ferrous state. Thus reduction of the
iron-rich ferrite occurs at a higher oxygen pressure than
reduction of the stoicheiometric ferrite.

On the other hand, the oxygen pressure at which
all the iron is reduced to the ferrous state is the same,
within practical limits, for the two compositions examined.
This arises from the fact that before this stage the phase
containing the ferric iron is, in both cases, Fegi'ey4032.

Phase Region C,

In this region, as in Phase Region B, there are two
coexisting solid phases, which are shown by the X-ray powder
patterns of the samples to be the mixed oxide (Mg,Fe)O and
metallic iron.

With decreasing oxygen pressure, oxygen is abstracted
from the mixed oxide existing at the end of Phase Region B, the
electrostatic balance being maintained by the conversion of
ferrous ions to iron atoms, which are presumably accommodated
interstitially. When the concentration of these Frenkel
defects exceeds the limiting value, the mutual attraction
between them leads to thea .ppearance of a second phase, in
this case metallic iron, as predicted by the theoretical

considerations of J.S. Anderson. The proportion of the iron
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present as a separate phase increases progressively with
decrease in oxygen pressure, leaving the mixed oxide
relatively richer in magnesium. The 1imit of this reduction
would be reached at the composition MgO+2Fe in the case of
the stoicheiometric ferrite and lgO+2.384Fe in the case of
the iron-rich material. The process of reduction may be

represented by the general equation:-

(Vgn,Foy )0 = Bltisgpey w0 + 118} + ti-(R)ire
Where, m >n

In the case of the stoicheiometric ferrite
n = 0.333, and in the case of the ferrite 1Ng0,1.192Fep03,

n = 0,295.

The composition of the mixed oxide phase and the
relative proportions of the phases may be obtained directly
from the total composition determined by chemieal analysis.
As before, this calculation ignores the non-stoicheiometry
of the two phases, which, from comparison with the very
gsimilar system FeO-Fe, is assumed to be very small. ihe
limiting compositions given by F.S. Tritton and D.J. Hanson'2
in the FeO-Fe system are Fe; (140; (.o for the iron-rich FeO
phase at the melting point of FeO, and F°1.ooo°0.007 for the
oxygen-rich Fe phase at the melting point of iron.
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The composition of the mixed oxide phase and
the relative proportions of the phases in all the samples
in Phase Region C have been calculated and are recorded
in Table XVIII. The results in this table show the
progressive increase in the proportion of metallie iron
present and the change in composition of the mixed oxide
phase, which tends to Mgl, as the oxygen pressure decreases.
The lattice constant of the mixed oxide phase of each
sample has been measured and the theoretical composition

8'55 curve of the

obtained from A.H. Jay and K.W. Andrew
variation in lattice constant with composition of (Mg,Fe)O.
These results also are given in Tgble XVIII and show fair

agreement with the results obtained by chemical analysis.




IN REDUCTION OF MgO+Feg03 MggFe16032

TABLE XVIII

APPROXIMATE COMPOSITICNS OF SOLID PHASES IN PHASE REGION C

D 1.

6503 (Mge.99Fe16. 67032, 00)

M329.2F°2.8032.0*66'9F°

LATTICE
CALCULATED FINAL COMPOSITION OF
SAMPLE | N TTTAL COMPOSITION | 0% ¢ OMPOS ITION CONS ANT | MIXED OXIDE FROM
KO. 02 (FRCM ANALYSIS) oXTop | LATTICE CCNSTANT
°1  |Mes.00Fe16.00032.00 |~12.82 Mgy 4Fepg, ¢05q.(+2-2Fe | 4.279 |Mgy) pPesq. g032.0
°  |M8a.00™16.00%z2. 00 | ~12+98 |Map) 5¥eo 5055, 0+32.5Fe | 4.245 |Mggp gFeg 10530
47 |Meg.00™016. 00%z2. 00 | <13+ 40 Mgy oFog O3z, 0*46.0Fe | 4.214 |Mgpg 4Fez 60320
62 |Mgg, 0oF®16.00052.00 ~13.74 Mgy, gFeq 2035, 0+42.5Fe | 4.223 Mgy, sFes s0z3 0
58 M Fe 0 - " - - o ) 5t 0
&.00Fe16.00032.00 [-14.57 lg,, ,Fe, .0 .,  +49.5Fe| 4.210 |Mgso .Pe; o0z g
76 M86'99F015.67032.00 -12.69 Mgl4.1F817'9052.0?15.7F6 4.266 - M315.7F016.3052_0
71 |Meg.9oPe16.67032.00 [~12.93 Mgy, sFe, SOz, (450.8Fe | 4.232 |Mgys gFeg.4033.0
- M38.99F°15,57033000 -13.67 4.211 |Mggp,1Fey g0z2.0

R34



143.

An error of #0,001A in the lattice constant of
the mixed oxide corresponds to an error of *19FeO in the
composition, as determined from the curve of Jay and Andrews.
Such an error would give in the case of Sample No. 51 for

example the range MglO-9F°2o,1052.0 to Mg11.4F020.6032.0 for
the composition of the mixed oxide determined from the lattice
constant. If the error in the determination of iron is
fO.l?Fe, then the corresponding range of composition of the

mixed oxide determined by analysis is MNgjyj aFeg glzz.o to

Vg1l .5"e2¢c,5932.0"
(4) Decomposition of Magnesium Ferrite on Heating in Oxygen

The results obtained for the thermal dissociation
of stoicheiometric magnesium ferrite in oxygen at one atmos-
phere, shown in Table XV and Figure XXI, are of the same order
at 1400° and 1500°C. as those of H.S. Roberts and H.E. Merwin®8
for decomposition in air, shown in Figure II. Roberts and
Merwin detected very slight decomposition at 11009, 1200° and
1300°C., but decomposition was not detected at these tempera-
tures in the present work by chemical analysis for iron.
However, D.J. Bevan, J.P. Shelton and J.S. Anderson67 have
shown by electrical conductivity measurements that the dissoec-
iation of magnesium ferrite inereases with decrease in oxygen

pressure, giving rise 10 unbalanced Frenkel defeects. By such
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conductivity measurements it is possible to detect extremely
slight departures from stoicneiometry. Dissociation in the
temperature range 1100°9-1500°C, is indicated also by the
values obtained for the permittivity of the samples, which
show a progressive rise with increase in temperature of
firing. The reason for this rise in permittivity with
increase in dissociation has been considered in the discussion
of the magnetic results.

(5) Possible Extensions of the Work

The experimental methods which have been used here
to obtain controlled atmogpheres with very low effective oxygen
pressures and to elucidate the phase changes in the isothermal
reduction of magnesium ferrite could be applied to the investi-
gation of other ferrites and similar systems.

A possible practical application for data of this type
lies in the determination of low effeective pressures in furnace
atmospheres. In order to do this, the reduction isotherm of a
suitable ferrite at the temperature of the furnace must be known.
From the composition of a sample of ferrite or the lattice const-
ant of the mixed oxide phase on removal from the furnace, the
effective oxygen pressure of the furnace gases cgould then be

obtained.
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