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Measurement of the divalent iron content in acid dissolved MnZn ferrites, fired in controlled atmospheres 
at various temperatures and quenched, allows calculation of cation vacancy contents. Addition of Ti4+ to 
these ferrites resulted in the introduction of vacancies at the rate of about 0 to 0.3 per Ti4+ depending on 
heat treatment conditions. Data are presented whereby the vacancy content with Ti4+ can be calculated 
based on the oxygen content of the undoped ferrite as available in the literature. Ti4+ stabilizes the 
hexagonal hematite-like structure and the phase boundary is presented as a function of Ti4+ and 
temperature. The vacancy contents at the phase boundary in Ti4+ -doped ferrite as a function of 
temperature are in agreement with those calculated from the literature for undoped MnZn ferrites. 
Finally, the total oxygen content of coexisting spine1 and hexagonal phases is presented. 

Introduction 

It is well known that addition of titanium 
to MnZn ferrites results in the formation of 
divalent iron (Fe”) which in turn can control 
the permeability vs temperature through its 
effect on the magnetocrystalline anisotrophy 
constant, K1 (1-6). The addition of TiOz into 
the spine1 lattice also has the effect of creat- 
ing divalent iron, vacancies, or both. the 
limiting cases for TiO:! dissolution in ferrite 
are: 

(TiO&,,tiie + (Ti4+ + 202- + $ Vc)spinel, 

(1) 
where only cation vacancies are formed, 
and 

(TiO&,tile + ($Fe3f),pinei + (Ti4+ + $Fe’+ 

+ S*-)spiael+ 5(02) t 9 (2) 

where no vacancies are formed but enough 
trivalent iron is reduced to charge compen- 
sate the Ti4+ in the spine1 lattice. 

In recent studies (7) showing a marked 
enhancement of grain growth rates in the 
presence of Ti4+ it was hypothesized that 
Ti4+ did introduce cation vacancies which 
lead to increased pore mobility by enhancing 
the diffusion of cations displaced by an 
advancing pore. The simultaneous transport 
of anions was assumed to be by a rapid gas 
phase transport across the pore. Enhanced 
pore mobility would, in turn, lead to 
enhanced grain boundary mobility for 
boundaries with attached pores. Justification 
for assuming an increased vacancy content 
with Ti4+ was made (7) based on the 
argument that Eq. (2) with no vacancy 
increase leads to an increased ratio 
[Fe2’]/[Fe3’]. However, the equilibrium 
oxidation-reduction for iron requires, in the 
absence of any other changes, an increase in 
cation vacancies with an increase in 
[Fe2’]/[Fe3’]. Thus, it was concluded that 
Ti4+ must lead to some increase in the cation 
vacancy content but no quantitative data 
were available. The lack of such quantitative 
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data on cation vacancy concentration as a 
function of Ti4+ for use in calculating pore 
mobilities leads to the present study. 
However, information on vacancy concen- 
tration in Ti-doped MnZn ferrites is also 
valuable in tailoring ferrites for applications 
in which the disaccommodation behavior is 
important. Disaccommodation in MnZn 
ferrites is recognized to be related to the 
diffusion rates of cations and cation vacan- 
cies (8-11). As the total iron content 
increases, or the sintering atmosphere 
becomes more oxidizing, the cation vacancy 
content increases and the disaccommodation 
increases or the disaccommodation spectrum 
changes (11-14). While the actual 
mechanism of disaccommodation is not 
completely understood, phenomenological 
observations referred to above support the 
hypothesis that cation vacancies play a criti- 
cal role by increasing cation diffusion rates. 
This diffusion leads to a local induced anisot- 
ropy which stabilizes domain walls. 

To summarize the importance of the effect 
of additives such as Ti on the vacancy 
concentration and oxidation state of iron as a 
function of firing conditions, the following 
should be considered. (1) The vacancy 
content affects densification and grain 
growth kinetics. (2) In tailoring magnetic 
properties, additives such as Ti4+ can be used 
to introduce Fe*+ which in turn changes the 
permeability-temperature spectrum. (3) 
Introduction of vacancies and Fe*+ with 
additives such as Ti4+ affects the disaccom- 
modation temperature spectrum and loss 
characteristics. 

Magnetic and other physical properties of 
ferrites have often been measured as a 
function of firing and annealing conditions 
designed to set the [Fe2+]/[Fe3+] ratio and 
thus set the cation vacancy content. Iida (15) 
prepared ferrites with a uniform density of 
cation vacancies by a sealed quartz tube 
technique and discussed how the vacancy 
content affects the magnetic relaxation. The 
actual weight percentage of Fe*+ in MnZn 

ferrites as a function of temperature and 
oxygen partial pressure has been measured 
by Slick (16) and Morineau and Paulus (17). 
The data from these studies allow the cal- 
culation of the vacancy content for the 
undoped ferrites. Morineau (18) has further 
refined thermogravimetric data on MnZn 
ferrites using site preferences for cations to 
develop a model of oxidation-reduction 
equilibria. 

Hanke (19) and Hanke and Zenger (20) 
have studied the effects of Ti4’ and Sn4+ on 
the magnetic properties of MnZn ferrite. 
They have confirmed the effect of these 
additions on the magnetocrystalline anisot- 
ropy as discussed earlier. Hanke (19) has 
also measured the divalent iron content as a 
function of the amount of Ti4+. It was found 
that each Ti4+ substituted for a divalent Mn 
or Zn reduced two Fe3+ to Fe*‘. This, of 
course, implies an increase in the 
[Fe2+]/[Fe3+] without an increase in the 
number of cation vacancies. As reviewed 
earlier, this is inconsistent with equilibrium 
thermodynamic arguments but may be 
approximately true for ferrite samples fired 
in relatively reducing conditions where 
cation vacancy concentrations are always 
low. 

Thus, while the importance of cation 
vacancies in ferrites is recognized, little work 
has been done to actually measure the 
concentration of cation vacancies with addi- 
tions of dopants such as Ti. This work serves 
to fill that gap with quantitative data showing 
vacancy contents for MnZn ferrites as a 
function of Ti content, firing temperature, 
and firing atmosphere. As side benefits of 
this study, the phase boundary between the 
spine1 phase and the hematite-type phase has 
been delineated as a function of Ti content, 
and the stoichiometry of the hexagonal and 
spine1 phases in equilibrium has been cal- 
culated. 

This work was carried out using a single 
MnZn ferrite composition to which 
controlled additions of Ti4+ were made. The 
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general spine1 formula for these ferrites is: 

M2’Fe2k’Fe:‘kTi~CV,04+P, (3) 

where III*+ is Mn*+, Zn*+ as well as Fe*+ for 
excess iron ferrites; k is the excess Fe*+ 
generated either by the addition of Ti4+ or by 
reducing conditions (note that k can be 
negative if some of the Fe*+ in M*+ is oxi- 
dized); x is the amount of Ti4+ dissolved per 
formula unit; (Y is the number of cation 
vacancies per formula unit; and p is the 
excess oxygen per formula unit. 

Note that as Ti4+ is added (x > O), the total 
number of cations in the formula unit 
exceeds 3. This representation is used to 
avoid the clumsy normalization which would 
be needed to maintain the conventional 
M304 spine1 formula when Ti4+ is added 
rather than substituted for some other ion. 

The excess divalent iron, k, is calculated 
from the measured wt% Fe*+ by: 

wt fraction Fe*+ 

k- 
X molecular wt of ferrite 

55.85 
- a, (4) 

where a is the amount of total iron in excess 
of 2 in the spine1 formula. 

Examining expression (3), the cation- 
anion balance gives p = $((Y +x) and the 
charge balance* gives p =2x-k/2. 
Combining these gives: 

x 3 a c---k, 
2 8 (5) 

Thus, knowing x and measuring k the cation 
vacancy concentration can be calculated. 

Note that in expression (3) and throughout 
this study, the notation is designed to exclude 
Mn3+ in the presence of Fe*+. This is con- 
venient in that the divalent iron analyses 

’ It is assumed that the cation vacancies in this struc- 
ture are uncharged. This assumption is true in y-FesOs 
where there are large numbers of uncharged cation 
vacancies in the spine1 structure. Also the spine1 struc- 
ture has many unfilled tetrahedral and octahedral sites 
which are apparently uncharged and which must be 
energetically similar to a cation vacancy. 

described later employ the dissolution of the 
ferrites. The oxidation potentials for Mn3’ 
and Fe*+ in solution (21) push the aqueous 
equilibria strongly in favor of Fe*+ at room 
temperature. Thus, what is actually 
measured and reported as the Fe*+ content is 
the actual Fe*’ minus the Mn3+ content in 
the solid state ferrite. 

The question of what is the distribution of 
Fe*+ and Mn3+ in the solid state ferrite has 
been argued elsewhere. Lotgering and Van 
Diepen (22) using Mossbauer spectroscopy 
have found that Mn3’ is unstable in the 
presence of Fe*+. Other investigators (6, 16, 
23), by measurement or assumption, have 
worked under a model where there is negli- 
gible Mn3+ where Fe*+ is present. On the 
other hand, Morineau (18) asserts that 
a significant fraction of the manganese in 
Mn-Zn ferrites is trivalent. Finally, 
Walz and Rivas (24) hypothesize Mn3+Fe2+ 
pairs to explain magnetic aftereffects in fer- 
rites. 

Experimental 

This study was carried out on a single 
MnZn ferrite composition made by freeze- 
drying the appropriate reagent-grade 
sulfates. The analyzed cationic composition 
of this ferrite using the Coprex technique 
(25) (X-ray fluorescence) was: 

A separate analyzed solution of Ti was 
made by dissolving tetramethyltitanate, 
(CH30)4Ti, in a water-sulfuric acid mixture. 
Appropriate amounts of this solution were 
added to sublots of the Mn-Zn-Fe sulfate 
solution to give compositions with x = 
0.0125, 0.025, 0.05, and 0.1 using the nota- 
tion in expression (3). These solutions were 
frozen and freeze-dried using the technique 
of Schnettler er al. (26). The freeze-dried 
sulfates were decomposed and calcined at 
1000°C for 16 hr in a flowing nitrogen 
atmosphere. 
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Small pellets of the freeze-dried ferrite 
were pressed lightly at 14 MPa (2000 psi), 
giving green densities of about 1.8 g/cm3. 
These were fired in open Pt containers by 
heating at 400”C/hr to temperatures ranging 
from 1200 to 1350°C in atmospheres of 02- 
N2 mixtures ranging from N2 to 100% O2 for 
times from 5 to 24 hr. The shorter times were 
used at the lowest O2 atmospheres to prevent 
excessive Zn volatilization. At the 
completion of the heat treatment, the pellets 
were quenched in water. Experiments to 
compare air, water, liquid nitrogen, and both 
hydrocarbon and silicone oils as quenching 
media showed the water to give the most 
consistent Fe*+ analyses and best avoid 
reduction of the surface during quenching. 
Quenching rates are estimated to be 
>103 “C/set. The loose packing of the 
powder resulted in low fired densities (3.3 to 
4.0 g/cm3) and thus aided in the equilibra- 
tion of the ferrite with the furnace atmos- 
phere. 

Divalent iron analyses were done in 
triplicate using a coulometric titration 
technique described elsewhere (27). 

Examination of the phases present was 
done by optical microscopy of polished 
sections and by X-ray diffraction. Quan- 
titative chemical analyses of the phases 
present was done using an ETEC electron 
microprobe. Measurement of the relative 
volumes of phases in multiphase samples was 
done by the point counting method (28) 
using optical photomicrographs. Corrections 
were made for porosity by counting the 
volume fraction of pores in a like manner. At 
least 1000 random points were counted over 
a least seven micrographs for each deter- 
mination. 

Results and Discussion 

(a) Vacancy contents us Ti4+ concentrations 

The wt% Fe*+ as a function of Ti concen- 
tration is shown in Fig. 1 for the samples 
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FIG. 1. Divalent iron content (wt% Fe*+ based on the 
total oxide weight) as a function of the Ti4+ added to a 
M304+@ spinel. 

annealed in 02. This example illustrates at 
1350°C the expected trend of increasing Fe*+ 
with increasing Ti4+. However, at 1250 and 
1300°C the Fe*+ increases with Ti4+ to a 
point and then decreases thereafter. At the 
lowest temperature, 12OO”C, any addition of 
Ti4+ to the ferrite reduces the total Fe*+ 
content. This unexpected behavior is related 
to the coexistence of a hexagonal hematite- 
like phase to be discussed in detail in the next 
section. 

To discuss the effect of Ti4+ on the vacancy 
content, only those samples which were 
single-phase ferrite will be considered. 
Results of divalent iron analyses as exem- 
plified in Fig. 1 were used to calculate k (Eq. 
(4)) and then (Y using Eq. (5). The results for 
all temperatures and atmospheres are shown 
in Figs. 2a-d. As expected, for a given 
atmosphere, the number of cation vacancies 
decreases with increasing temperature. Also, 
for a constant temperature, the number of 
vacancies increases with increasing oxygen 
content in the atmosphere.* The negative 
values of (Y for the nitrogen firings could 
represent some anion vacancies but it is more 
likely that the large measured amounts of 

*The samples fired in nitrogen (Fig. 2d) had some 
exposure to oxygen due to system leaks, diffusion 
through the muffle, etc. It is estimated that the actual po2 
was between 100 and 1000 ppm. 
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FIG. 2. Cation vacancies vs Ti4+ added (both ex- 
pressed as &&Tiz’ V, 04+8) for various heat treatments. 

divalent iron which lead to the negative LY 
values through the calculations came in part 
from Zn loss at the highest temperatures. 
Zinc has an increasing tendency to vaporize 
at high temperature as the atmosphere 
becomes reducing because it vaporizes by a 
dissociative mechanism. This loss is expected 
to be compensated by the reduction of some 
iron, assuming that some of the cation 
vacancies formed will be offset by reduction 
of Fe3+. 

The rate at which vacancies are formed in 
the structure as Ti4+ is added can be deduced 
from the slopes of the lines in Fig. 2. From 
Fig. 2 it can be seen that while there is some 
scatter to the data, the vacancy content is 
approximately a linear function of the Ti4+ 
content. By smoothing the data to straight 
lines one can measure the slopes to give the 
approximate relationship between LY and x. 
The slopes, &/dx, range from about 0 to 0.3 
vacancies per Ti4+ added. This can be 
compared to the limiting cases in Eqs. (1) and 
(2). For Eq. (l), the slope would be 0.5 with 
the addition of Ti4+, resulting in the forma- 
tion of vacancies with no reduction of Fe3+ to 
Fe*+, and for Eq. (2) the slope would be 0.0 
with all of the Ti4+ being charge compen- 
sated by reduction of iron with no vacancies 
being formed. 

As expected, the actual values of &/dx 
fall between the limiting cases described 
above. However, within the ranges observed, 
there is a relationship between the slope 
dcu/dx and the degree of oxidation of the 
structure with no Ti4+ added. This relation- 
ship is shown in Fig. 3 where &/dx is plotted 
as a function of (Ye, the vacancy content with 
no Ti4+ added. The slopes are those of least- 
squares straight lines through the data in Fig. 
2 with the two data points excluded for the 

VACANCIES PER Ti Ida/d%) 

FIG. 3. Cation vacancy contents with no Ti4+ vs 
vacancies per Ti4+ added (slopes of lines in Fig. 2). 
Broken curve shows trend and can be used for estimat- 
ing the vacancy content of Ti4+-substituted MnZn fer- 
rites. 
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samples fired in Nz which showed negative a0 
due to Zn loss. 

Figure 3 shows the potency of Ti4+ for 
inducing vacancies as a function of the 
overall oxygen content of the ferrite. The 
oxygen content is represented as the vacancy 
content for that composition and heat 
treatment without Ti4+. The data points in 
Fig. 3 represent the four firing atmospheres 
as well as differing temperatures for each 
atmosphere. It can be seen that those condi- 
tions which induce vacancies without Ti, 
namely, higher po, and lower temperatures, 
also render any Ti dopant even more potent 
in forming further vacancies. On the other 
hand, as the firing conditions became 
sufficiently reducing, the ferrite is nearly 
stoichiometric and the tendency of additions 
of Ti4+ to increase the vacancy content 
becomes small. This is not surprising since in 
spine1 ferrites cation vacancies are common, 
but there is much less tendency to form anion 
vacancies. Thus, for ferrites fired in relatively 
nonoxidizing conditions, the cation vacancy 
content will be near zero and additions of 
Ti4+ serve only to allow reduction of Fe3’ 
without introducing energetically unfavor- 
able anion vacancies. This leads to only small 
increases in the vacancy content. The 
ineffectiveness of Ti in producing vacancies 
for nonoxidizing conditions further suggests 
that the results of Hanke (19), where substi- 
tutions of Ti4+ for Mn*+ or Zn*+ lead only to 
the formation of Fe” with negligible 
increases in the cation vacancy concentra- 
tion, were obtained for samples heat treated 
under such nonoxidizing conditions. 

Differentiating Eq. (5), 

dk 4 8 da -=---- 
dx 3 3 dx’ 

This, of course, shows that for addition of 
Ti4+ to ferrites fired in nonoxidizing condi- 
tions (dcr/dx ~0) the rate change of 
excess Fe” content with Ti4’, dk/dx E t. 
However, under the conditions which are the 
most oxidizing without forming a second 

phase da/dx = 0.3 and dk/dx = 0.5. Thus, if 
the vacancy content (or Fe*+ content) of a 
ferrite is known in the undoped condition, 
one can predict the rate of change of dol/dx 
and dk/dx using the data in Fig. 3, and then, 
in turn, predict the degree of oxidation of the 
ferrite at any Ti4+ concentration for those 
firing conditions. Again, the reader is re- 
ferred to the work of Morineau (18) for a 
discussion of the role of Mn3+ in ferrites since 
the presence of Mn3+ would add to the actual 
Fe’+ in the solid state. 

While this work provides a complete data 
set for the effect of the variables tempera- 
ture, poz, and Ti4+ dopant levels, it is restrict- 
ed to a single MnZn ferrite composition. The 
concepts presented here can be extended by 
using the charts provided by Morineau and 
Paulus (29) which give the oxygen content of 
MnZn ferrites as a function of T, po2, as well 
as composition. From these data, the vacancy 
content with no additions can be calculated 
and, except for large deviations of composi- 
tion from that used in this study, the data in 
Fig. 3 are useful for estimating the effect of 
Ti4+ on the stoichiometry. 

(6) Phase Equilibria 

As mentioned earlier, the addition of Ti to 
the MnZn ferrite resulted in the formation of 
two phases at high po, and low temperatures. 
Figure 4 shows an area heavily covered with 
this precipitate. The stabilization of a 
hexagonal hematite-like phase relative to a 
magnetic spine1 by Ti02 has been reported 
by MacChesney and Muan (30). Similarly, 
the addition of TiOz to MnZn ferrite stabil- 
izes a hexagonal hematite-like structure. The 
phase boundary between the single-phase 
spine1 region and the two-phase region can 
be determined using microscopy or by noting 
the composition at which the Fe2+ content 
begins to decrease with increasing Ti4+. 
Figure 1 shows an example of decreasing 
Fe” with precipitation. Figure 5 shows the 
phase boundary for this ferrite using both the 
microstructural and divalent iron studies 
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FIG. 4. Typical micrograph of the ferrite with Ti level of x = 0.10 heat treated at 1200°C in O2 showing 
the dark pore phase, the intermediate spine1 phase, and the light hexagonal hematite-like phase. 

for definition. The position of the phase 
boundary is in excellent agreement with that 
from other work (31) where the samples 
were not quenched. 

Ti*+CONCENTRATION lZ1 

1200~~ . l . . 

FIG. 5. Phase boundary showing the stabilization of 
the hexagonal phase with TiOl additions. The closed 
and open circles show the presence or absence of the 
hexagonal phase by microscopy. The square data points 
were taken from the point of slope change in the Fe*+ 
contents in Fig. 1. 

Using the phase boundary in Fig. 5, the Ti 
contents at the phase boundaries can be 
found for the temperatures at which data 
were taken. These data, in turn, can be used 
with Fig. 2a to calculate the concentration of 
vacancies at the phase boundary. In this case 
extrapolations of the slopes of da/& in the 
single-phase region were used to determine 
critical vacancy contents (a,) at which pre- 
cipitation occurs. These data are plotted in 
Fig. 6 to show the temperature dependence 
of (Ye. At 1200°C there are two data points 
since the phase boundary was observed at 
both 100 and 10% Oz. Also shown in Fig. 6 
are the vacancy contents at the phase bound- 
ary as calculated from data published by 
Slick (16) and Morineau and Paulus (I 7). 
The indicated data points were calculated 
from the published data using the reported 
stoichiometry of the ferrites where the lines 
of constant oxygen content meet the phase 
boundary. Note that while the data in Fig. 6 
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FIG. 6. Comparison of vacancy contents at the phase 
boundary using Ti4’ -substituted MnZn ferrites for this 
work with those calculated from literature data on 
undoped ferrites. 

taken from this work resulted primarily from 
changing Ti4+ content with a constant firing 
atmosphere and that from the literature 
resulted from varying the atmosphere with 
no Ti, the data sets are in reasonable 
agreement. Thus the precipitation of hema- 
tite from ferrite under oxidizing conditions 
can be more generally viewed as occurring 
when the spine1 becomes saturated with 
vacancies. The vacancies can be formed by 
oxidizing heat treatments or by additives 
such as TiOz, but the saturation vacancy 
content ((Y=) depends primarily on tempera- 
ture. 

There is some indication that the maxi- 
mum vacancy content in MnZn ferrite is less 
than that tolerated by some other spine1 
systems. For instance, Taylor (32) found that 
over the complete solid solution series 
between magnetite and TiFe204, the maxi- 
mum vacancy content was 2% of the cation 
sites (cyc= 0.06) at 1300°C. This concen- 
tration of vacancies in the end member, 
magnetite, is in agreement with that reported 
by Darken and Gurry (33) and by Dieck- 
mann and Schmalzried (34). 

(c) Compositional Studies in the Two-Phase 
Region 

Initial X-ray diffraction studies showed the 
second phase to be the expected hematite- 

like hexagonal material. The composition 
with the maximum Ti4+ (x = 0.10) fired at the 
highest po, (100%) and lowest temperature 
(1200°C) showed, of course, the greatest 
amount of the hexagonal phase and there- 
fore was studied more deeply. It was esti- 
mated from the relative intensities of the 
diffraction peaks that about 20% of the 
sample was the hexagonal phase. Attempts 
were made to ascertain the composition of 
this phase by noting the displacement of the d 
spacings from that of cu-Fez03. However, not 
only FeTi03 but also MnTi03 and perhaps 
ZnTi03 are soluble in FezOs. Thus, lattice 
spacing data alone cannot characterize the 
composition of the hexagonal phase. 

The volume fraction of each phase was 
determined from point counts on optical 
micrographs and the elemental composition 
of each phase was determined by electron 
microprobe. The hexagonal and spine1 
phases were clearly visible on scanning 
images (Fig. 7), and point by point 
measurements across the central regions 
showed the composition to be uniform. 
Quantitative determinations were made by 
taking intensity ratios of unknowns to pure 
standards and using MAGIC (35) for data 
reduction. All data were taken at 20 keV 
excitation voltage with counting times of 
100sec. Four different areas were sampled 
for each phase and quantitative values were 
averaged. Two u limits were less than *3% 
except in cases of very low concentrations. 
The combined results of the volume fraction 
measurements and chemical analyses for Ti 
contents of x =0.0125 and 0.10 fired at 
1200°C in O2 are shown in Table I. The 
hexagonal phases are listed such that the sum 
of the metal ions equals 2 (as in FepOs). 

With the data in Table I and the total 
chemical analyses giving the total cation 
ratios as Mno.515Zno.39,Fe2.ossTi,, the 
composition of the system is overdetermined: 
in the sense that any two of the analyses can: 
be used as a verification check on the third. 
Furthermore, if one assumes no vacancies in 
the hexagonal phase, the Fe” data can be 
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FIG. 7. Electron and elemental characteristic X-ray images of ferrite with Ti level of x = 0.10 heat 
treated at 1200°C in O2 showing concentration of Fe and Ti in the hexagonal second phase. 
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TABLE I 

MEASUREDMETAL RATIOSANDRELATIVEVOLUMEFRACTIONSOFHEXAGONALANDSPINEL 
PHASES(~~OO"CINO~) 

Total 
Hexagonal phase (MaOs) Spine1 phase (Ms04) 

Ti4+ (x) Fe Mn Zn Ti Vol % Mn Zn Fe Ti Vol % 

0.0125 1.788 0.117 0.031 0.065 4 0.530 0.394 2.075 0.010 96 
0.10 1.579 0.174 0.075 0.173 24 0.592 0.470 1.939 0.056 76 

used to calculate the amount of Fe*+ and the 
vacancy content of the spine1 phase. To do 
these calculations, the total composition was 
taken to be the most reliable because it was 
done on macroscopic samples. The 
composition of the hexagonal phase was 
taken from the microprobe data (Table I) 
and subtracted according to the volume 
fraction present from the total composition. 
The remaining calculated spine1 composition 
can then be compared to that measured by 
the electron microprobe. 

The results of these calculations are shown 
in Table II for the two Ti4+ contents studied 
by microprobe. For the hexagonal phases, 
the valances of the Mn ions (from Table I) 
were set such that the Mn*+ and Zn*+ 
contents were equivalent to the Ti4+ content 
while all the Fe is trivalent (assumes negligi- 
ble lattice defects for the hexagonal phase). 
The composition of the hexagonal phase was 

normalized to the same molecular weight as 
the total composition and the appropriate 
fraction of the hexagonal phase (~01% 
hexagonal phase in Table I with the densities 
of both phases assumed to be equal) was 
subtracted from the total composition to give 
the calculated spine1 composition. At the 
same time, the divalent iron analyses data 
(Fig. 1) were used to calculate the amount of 
divalent iron and thus the vacancy concen- 
tration for the spine1 phase since the oxida- 
tion states of the ions in the hexagonal phase 
were fixed. Again, the notation is such that 
there is no Mn3+ in the presence of Fe*‘. 

It can be seen in Table II that there is 
excellent agreement between the calculated 
and measured spine1 compositions. Note that 
both Ti and Fe concentrate in the hexagonal 
phase. This can also be observed in Fig. 7 by 
comparing the imaged displays of the X-ray 
analyzers. At high doping levels, no divalent 

TABLE II 

CALCULATED SPINEL COMPOSITIONS (1200°C IN 02) 

Total 
Ti4+ (x) Phase 

Composition 
measurement 

technique 
Vacancies 

Mn2+ Mn3+ Zn’+ Fe’+ Fe3+ Ti4+ (a) 

0.0125 Hexagonal Microprobe 0.034 0.083 0.031 _a 1.788 0.065 -a 
0.0125 Spine1 Total -Hexagonal 0.526 -O 0.412 0.018 2.044 0.009 0.021 
0.0125 Spine1 Microprobe 0.530 0.394 2.075 0.010 - 
0.100 Hexagonal Microprobe 0.098 0.076 0.075 _a 1.579 0.173 -(I 
0.100 Spine1 Total - Hexagonal 0.560 0.019 0.478 -a 1.944 0.047 0.009 
0.100 Spine1 Microprobe 0.592 0.470 1.939 0.056 - 

L1 Based on model of negligible vacancies and Fe*+ in the hexagonal phase. 
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iron exists and, in fact, the negative values of 
the Fe*+ content seen in Fig. 1 (measured by 
back-titrating additions of ferrous sulfate) 
are indicative of Mn3+. Finally, the cal- 
culated vacancy contents should fall on the 
curves in Fig. 6 since the two phases were in 
equilibrium at 1200°C. Indeed, for the x = 
0.0125 sample, the cyc of 0.021 is close to the 
other data points at 1200°C for this work. 
However, for the x = 0.1 sample, the (Y, of 
0.009 is considerably lower than expected. 
This is most likely an error due to the inac- 
curacy of the technique for measuring 
volume percentage of second phase. Small 
errors in measurement of the percentage 
second phase make large errors in the cal- 
culated vacancy content and therefore the 
calculated vacancy contents in Table II are 
not reliable. For example, for x = 0.10, if the 
amount of hexagonal phase were 2 1% (close 
to that predicted from X-ray diffraction) 
rather than 24%, then the calculated (Y, 
would be about 0.023 as predicted from Fig. 
6. An error of this magnitude in the volume 
percentage of hexagonal phase is quite 
possible. 

Conclusions 

1. For single-phase MnZn ferrite spinel, 
increasing the amount of Ti4+ leads to 
increases in the Fe*+ content and cation 
vacancies. The increase in vacancies is 
approximately linear with Ti4+ content and 
the slope &r/dx is between about 0 and 0.3 
depending on the firing conditions. Data are 
presented relating da/& to the vacancy 
content in an undoped ferrite in any firing 
conditions. 

2. Ti4+ in ferrite will stabilize the 
hexagonal hematite-like structure. The 
phase boundary between the single- and 
two-phase regions as a function of Ti4+ 
content and temperature is presented. The 
relationship between the initial vacancy 
content at the phase boundary was calculated 
for data taken from samples fired in 100% 

O2 with varying Ti4+ contents and was in 
good agreement with that calculated from 
the literature when the atmosphere was 
varied with no dopants. 

3. The hexagonal phase contains Mn, Zn, 
and Ti as well as Fe with a disproportionate 
amount of Ti and Fe residing in the 
hexagonal rather than the spine1 phase. The 
compositions and proportions of the 
hexagonal and spine1 phases are self-consis- 
tent. 
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