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ABSTRACT 

Iron oxides intended for use in 
ferrite manufacture are des-
cribed in terme of physical 
properties ,such as surface area, 
particle size and shape, and tap 
density. Results are presented 
of a study of the barium hexa-
ferrite formation reaction, using 
X-ray Diffraction, Differential 
Thermal and Thermogravimetric 
Analyses and, based thereon, 
the possibility of including a 
reactivity parameter in the des-
cription of an iron oxide is sug-
gested. 

Introduction 
The physical and chemical properties 
of iron oxides have a major influence 
on the magnetic properties and on the 
microstructure of any ferrite made us-
ing them. The techniques used in the 
evaluation of iron oxides are of in-
terest to manufacturers both of iron 
oxides and of ferrites. The present 
paper deals mainly with some of the 
methods used in assessing the physical 

properties of iron oxides intended for 
use in ferrite manufacture. 

The presence of impurities in an 
iron oxide can easily obscure the 
effect of variation of any of the 
physical properties. The ferrite indus-
try, however, has been fortunate in 
being able to obtain high-purity syn-
thetic iron oxides from the pigment 
industries, thereby enabling variables 
due to the presence of impurities to 
be kept to a minimum. 

Generally, an iron oxide is described 
in terms of its particle shape, particle 
size distribution and surface area. 
Other related parameters such as tap 
density, apparent density, compress-
ibility, oil absorption, average particle 
size and shrinkage on sintering have 
also been used to indicate the physical 
characteristics of the iron oxide. 

In the present paper, an attempt is 
made to relate the physical properties 
of iron oxides with their reactivity 
behaviour in the formation of barium 
hexaferrite. X-ray diffraction analysis 
and the thermal behaviour were em-
ployed in the reactivity studies. 

Experimental 
1. l'article size and shape measure- 
ments:  Troc  oxides intended for ferrite 

manufacture usually have a distribu-
tion of particle sizes in the range of 
0.1 to 10 microns. Electron micro-
scopy is the best technique to yield in-
formation regarding the shape and 
surface characteristics of such iron 
oxides. In Figure 1, electron micro-
graphs of two different types of iron 
oxide are shown, one with acicular 
shape and the other with irregular 
shape. 

Electron microscopy and, in some 
cases, optical microscopy can be used 
for particle size distribution determin-
ations. Sedimentation and centrUugal 
methods also can be used for particle 
size analysis, although care must be 
taken in interpreting such results, 
since neither method will distinguish 
between a single particle and an ag-
glomerate of equal size. In Figure 2, 
the particle size distributions of four 
different oxides, as determined with 
an Eagle-Picher photosedimentometer, 
are depicted.  The results are com-
parable with those obtained using an 
Andreasen Pipette. The analysis  cati 

 be completed in two  boum.  However, 
sedimentation methods were not suffi-
ciently sensitive to show differences 
between fairly shnilar oxides that 
could, in fact, be distinguished from 
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Ottawa. A heating rate of 12 deg. C 
per minute up to 1100°C was employ-
ed. From the DTA traces, the de-
composition of BaCO3, the disappear-
ance of Fe203  and the formation of 
Ba0.6Fe.,0 3  Could be followed semi-
quantitative.  ly. The amount of barium 
carbonate still present was estimated 
from the area of the endothermic 
a->8 crystal transition peak observed 
at about 830°C. The Néél tempera-
ture of 690°C for hematite and the 
Curie Point of 460°C for barium hex-
aferrite both gave rise to small en-
dothermic peaks. The areas under 
these various peaks, corrected to a 
constant weight of sample, gave semi-
quantitative estimates of the amount 
of each constituent present. 

In the X-ray diffraction work, the 
height of one prominent diffraction 
peak for each constituent was used 
to give a rough estimate of the amount 
of the phase causing the peak. The 
prominent lines chosen have the "d" 
spacings of 4.17A for Fe203.H20, 
3.71 A for BaCO 3, 2.69 A for Fe203, 
and 2.77 A for lia0.6Fe203 . 

In Figures 6a and 6b, semi-quan-
titative estimates of the several con-
stituents at various temperatures on 
the basis of the DTA and X-ray ex-
aminaions, respectively, are given for 
two samples. Samples G and I were 
made from irregular-shaped and acic-
ular-shaped iron oxides, respectively. 
It will be seen that the greater dis-
appearance of Fe203  and BaCO3  in 
sample G as compared with sampie 
is accompanied by the formation of a 
larger proportion of ferrite. Since the 
iron oxides used in the samples G and 
I have about the same surface area, 
the results might indicate that the 
irregular vs. acicular shape could have 
been more of a factor in controlling 
the reactivity than was the difference 
in surface area. 

It might be mentioned that, in 
samples E, F, H and I, containing 
either a hydrated iron oxide or the 
finer grade of acicular iron oxide, 
hematite was prominent up to 1100°C 
while, in samples such as J and K 
using a coarser aciculcir iron oxide, 
hematite was present only in small 
quantities even at 1000°C. 

c. Thermogravimetric analyses: In the 
present study, the only information 
that could be gleaned from an examin-
ation of the TGA traces was from 
the weight change due to CO2  loss at 
various temperatures which yielded a 
quantitative estimate of the extent of 
the barium carbonate decomposition. 
A Stanton Thermobalance was used 
with a heating rate of 6 deg. C per 
minute in an air atmosphere, up to 
1200°C. Samples, untreated and cal-
cined at a range of temperatures, 
were examined on the thermobalance. 
From the TGA traces, the percentage 
of barium carbonate decomposed in 
the original calcinations at tempera-
tures of 750°C and 950°C was deter-
mined for each sample. By 950°C 
the barium carbonate had been de-
composed to the extent of 94-97% of 
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Fig. 5a. Plot showing the variation of sur-

face area of BaCO„. 5.5 Fe., 0,, Composi-

tions with calcination temperature. 

the original BaCO„ present; it was 
considered that a valid comparison 
could no longer be made between the 
various samples on the basis of such 
a small amount of residual carbonate. 
In computing the amount of barium 
carbonate decomposed in the mixtures 
containing the hydrated iron oxide, 
it was assumed that all the water of 
hydration was given up by 700°C, 
and that any weight loss occurring 
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Fig. 5b. Plot showing the variation of aver-
age particle size of BaCO3. 5.5 Fe..0 3  Com-

positions with calcination temperature. 

above this temperature was due to 
CO., loss from the barium carbonate. 
This  assumption, although probably 
not strictly true, was considered to 
give at least a very good approxima-
tion to the correct figures. 

Discussion 
The aim of the investigation was to 
correlate the physical characteristics 
of particle shape and size distribution 
and related parameters such as sur-
face area, average particle size and 
tap density, with the results obtained 
in the reactivity studies, as indicated 
by X-ray diffraction and by the 
thermo-analytical techniques. Consid- 

Fig. 4. Optical photomicrographs of BaCO 3 /Fe203  mixes made by: (a) Precipitation mixing; 
(b) Wet-mixing in Waring blender. Magnification as indicated. Partly polarized light use 
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erable experimental work has been 
reported dealing with solid state re-
actions in ferrites. From thermal in-
vestigations of barium carbonate and 
iron oxide mixtures, Sadler(2) re-
ported that an equation of the type: 

Y' = 2kt + constant, 
where Y = thickness of product 

layer, 
t = time of reaction, 

and 	k = reaction rate 
constant, 

representing Fick's diffusion law, 
could be applied to the rate of de-
composition of barium carbonate in 
the barium ferrite formation reaction. 
Barium carbonate alone does not de-
compose appreciably below 1000°C. 
However, in the presence of iron ox-
ide, noticeable decomposition was ob-
served at a temperature of 750°C. It 
is believed that the initial reaction 
responsible for the decomposition of 
the carbonate is due to the diffusion 
of ions from Fe00, into the BaCO, 
lattice and, hence, that the decomposi-
tion rate is probably controlled by the 
diffusion rate of these ions. At higher 
temperatures, barium oxide is suppos-
ed to be the major diffusing species. 
In the x-ray analyses, however, the 
presence of BaO was not evident; also, 
in the samples calcined at 750 and 
950°C, some diffraction lines were 
found that could not be attributed to 
any known compounds. It is suspected 
that barium ferrites of higher molar 
BaO:Fe‘,0 3  ratio than 1:6 might have 
been form-  ed. A phase study of this 
system is in progress in the Mines 
Branch Laboratories; it is hoped that 
this study may enable these com-
pound (s) to be identified. 

On the basis of the assumption that 
the points of contact between iron 
oxide and barium carbonate are the 
starting points for reaction, it can be 
supposed that a greater interface area 
between barium carbonate and iron 
oxide would promote greater decom-
position of the carbonate. In the pre-
sent series of experiments, this sup-
position was borne out by the much 
higher percentage weight losses ob-
tained using compositions prepared by 
precipitation mixing than was obtain-
ed with comparable wet-mixed com-
positions. For example, using the 
same iron oxide, a precipitation-mix 
sample G gave a weight loss after 
heating the mixture to 750°C, indicat-
ing the decomposition of 63% of the 
original barium carbonate present as 
compared with 26% for wet-mixed 
sample M. Another factor causing 
differences in the interface area and, 
probably, in the percentage weight 
loss, is the particle size distribution of 
the iron oxide. Using the same precip-
itation-mixing technique, the percent-
age weight loss, indicating decom-
posed BaCO 3, varied between 32 and 
65% over the samples E to K, in-
clusive, when heated at '750°C. 

In Figure 7, various parameters are 
plotted for the range of iron oxides 
and mixtures studied; these include 
the average particle size in microns 
and the surface area in mi/g for the  
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Fig. 6a. Plot showing the disappearance of 

BaCO 3  and Fe20 3  with temperature as in-

dicated from the  DIA  results. 

various oxides, the diametral shrink-
age of pellets formed from the barium 
carbonate/iron oxide mixtures and 
fired at 1150°C,  and the percentage 
of original barium carbonate decom-
posed after the BaCO 3/Fe203  mixed 
powders had been heated to 750°C 
for 30 minutes, as determined from 
the TGA observations. From these 
graphs, it can be seen that, in general, 
the shrinkage increased with increas-
ing surface area of the oxide used. 
There were certain apparent anom-
alies that will be mentioned shortly. 
Using a given sample of iron oxide, 
the precipitation-mixed sample gave a 
higher shrinkage than the correspond-
ing wet-mixed sample. The shrinkage 
was increased by 4% by resorting to 
precipitation mixing in the case of 
irregularly-shaped iron oxides (sam-
ples G and M, respectively), while the 

1 

 

CALCINING TEMPERATURE I .C) 

Fig. 6b. Plot showing the disappearance of 

BaCO 3  and Fe.,0 3  and the formation of 

Ba0.6 4,0 3  svi-th temperature, as indicated 

by the X-ray diffraction results. 

increase was only 1.2% with acicular 
oxides (samples J and L, respective-
1Y). 

In considering the various trends 
apparent from Figure 7, it is appar-
ent that the shrinkage values, in 
general, increased with increasing 
surface area. It was interesting to 
note the anomalous shrinkage values 
for samples E and F. This is attri-
buted to the fact that the iron oxide 
used in sample mixtures E and F was 
in the hydrated form. Samples C and 
I, which were made using two differ-
ent lots of the Grade #2 oxide, show-
ed disproportionately low reactivities 
as judged by the percentage of barium 
carbonate decomposed at 750°C, 
whereas, from their surface areas and 
other properties, one would have ex- 
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pected substantially higher figures. 
These lôw reactivity figures were 
strongly supported by the semi-quan-
titative x-ray diffraction results on 
these samples. The sample I, which 
contains an iron oxide of surface 
area 5.9 m2/g, showed a weight loss 
corresponding to 32.0% decomposition 
at 750°C of the original BaCO3  pre-
sent in the mix, whereas samples J 
and K, containing an oxide of surface 
area only 2.1 m9/g, gave weight-loss 
figures corresponding to 36-40% de-
cômposition of the original BaCO 3 . 

The method of preparation of the 
mix also affects the percentage weight-
loss figures obtained. Thus, samples 
J and L, which contain the same lot 
and grade of iron oxide in the same 
molar  proportions, gave weight-loss 
figures corresponding, respectively, to 
40.3% and 11.2% decomposition at 
750°C of the original BaCO 3  present; 
sample J was made by precipitation 
mixing, whereas sample L was made 
by wet mixing. 

Samples A and K were prepared 
using the precipitation-mixing tech-
nique and contain the same iron oxide 
but with different molar ratios, viz., 
1:6.0 in A and 1:5.5 in K. The weight 
losses were 36.2% and 36.4%, re-
spectively. In samples B and J, using 
the same oxide, the weight losses were 
41.5% and 40.3%, respectively. These 
indicate a good degTee of reproduc-
ibility of the test. The significance of 
the weight-loss parameter is also ap-
parent from the comparison of the 
weight-loss figures 36.2% and 41.5%, 
or 36.4% and 40.3%, between iron 
oxide samples of the same grade, but 
from two different lots, namely sam-
ples A and B or K and J, respectively. 
Surface area and tap density mea-
surements did not show any signifi-
cant difference between these two 
pairs of samples. 

From the above discussion of the 
results of the TGA tests, it would 
seem that the percentage weight loss 
corresponding to the decomposition 
of a proportion of the original barium 
carbonate at 750°C would be a useful 
parameter for comparing the reactiv-
ities of various grades of iron oxide 
and also among various lots of the 
same grade, insofar as the term "re-
activity" is used to denote. the barium 
carbonate decomposition in the pre-
sence of iron oxide. 

Economos and Clevenger (3), and 
Blum and Li (4) studied nickel ferrite 
formation by measuring the satura- 

tion magnetization with the aim of 
studying the influence of particle size 
on the reactivity of iron oxides. They 
could not obtain any functidn relating 
particle size and reactivity. Economos 
and Clevenger also noted that two of 
the mixtures, somewhat coarser than 
the finest mixture, yielded about 10% 
more ferrite. Their conclusions were 
that size, in itself, does not affect the 
activation energy of the ferrite forma-
tion, but that size distribution does 
appear to have an effect. 

In the present study, the hematite 
phase had disappeared to a consider-
able extent at 1000°C in the samples 
using the coarser grades of acicular 
iron oxides, while, in the samples us-
ing a finer grade of oxide, the hema-
tite phase was still present in signi-
ficant amounts even at 1100°C. Using 
the much finer, hydrated iron oxides, 
the hematite phase was present in 
significant amount even in material 
that had been heated to 1200°C. This 
result showed a distinct similarity to 
the above-mentioned observation by 
Economos and Clevenger and may be 
another manifestation of the effects 
of an acicular vs. an  irregular particle 
shape.  •  

It is apparent that an oxide which 
could be termed highly reactive from 
the weight-loss experiment does not 
necessarily yield a greater proportion 
of barium ferrite at 1200°C. How-
ever, it may be assumed that the 
differences in the weight loss  from  
one sample to another reflect the diff-
erences in the interface activation of 
the mixtures, caused by variations in 
the size distribution and surface activ-
ity of the iron oxides under consider-
ation. While the size distribution and 
surface activity characteristics may 
not correspond quantitatively to the 
reactivity of the ferrite formation, 
they may have some relation to the 
subsequent steps in the processing 
and to the final microstructure of the 
ferrite and its magnetic properties. 

Conclusions 
From the above study, it is seen 
that surface area and related para-
meters, such as tap density and aver-
age particle size, for a given type of 
iron oxide, need not necessarily repre-
sent the reactivity characteristics of 
the iron oxide, either in association 
with the barium carbonate decompos-
ition or in the final ferrite formation. 

The application of thermogravi-
metry to determine the extent of de- 

composition of barium carbonate dur-
ing the barium ferrite formation 
appears to be a sensitive and rea-
sonably reliable method of indicating 
thesurface properties that influence 
the • reactivity of the iron oxide in 
ferrite formation, dependent mainly 
on the particle shape and size distri-
bution, which control the surface area. 
This method gives a reproducible 
comparison between various types of 
iron oxide, between various grades of 
the same type, and also between 
various lots of the same grade. In-
vestigations are being continued with 
additional grades of iron oxide with a 
view to substantiating the above work. 

From the above study, it is, how-
ever, evident that there is, as yet, no 
means of completely characterizing an 
iron powder so that its properties can 
be used to predict with certainty the 
final microstructure and magnetic 
properties of a ferrite made from it. 
Fabrication techniques can affect the 
final properties of a ferrite as much 
as the chemical and physical proper-
ties of the powder constituents. It is 
proposed to extend the study of ferrite 
formation to cover these facets of the 
problem. 
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