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The mechanism of the formation
of lead hexaferrite

Introduction

The group of compounds having the formula MeO.
6-0Fe,O,, when Me = Ba and/or Sr and/or Pb, which are
commonly known as M-type hexaferrites, are used indust-
rially as the main basic material for ceramic permanent
magnets. This type of compound is also one of the basic
components of larger hexaferrite-unit structures.

The common method of preparation of these com-
pounds on the industrial scale is by reacting iron oxide with
the appropriate Me-carbonate(s). The study of the mech-
anism of the reactions involved in this formation should,
therefore, yield a useful contribution to technology of
ferrites.

The purpose of the present investigation was to study
tt ¢ bulk mechanism of the formation of M-type hexa-
ferrites under normal laboratory conditions. Lead hexafer-
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ABSTRACT. Studies of the mechanism of the formation of lead
hexaferrite from its constituent oxides have been conducted.
The reactions were studied by differential thermal analysis,
thermogravimetric analysis, X-ray diffraction procedures and by
magnetic susceptibility measurements. It was found that the
nature of the intermediate product(s) was dependent upon the
technique of mixing, and the time and temperature of heating.
There is an indication that there may be considerable varia-
tions in the temperature dependence of the various possible
intermediate reactions. A kinetic model describing the be-
haviour of the system is postulated. The intermediate com-
pounds observed were 2PbO.Fe,0, and PbO.2Fe,0,. The latter
can be distinguished from the structurally-similar PbO.6Fe,O,
by the use of magnetic susceptibility measurements.

rite was chosen for this work because of the low melting
point of lead oxide; this oxide would, consequently, be
expected to react with Fe,O, at lower temperatures than the
more refractory oxides BaO or SrO, thus minimizing the
complications due to the sintering of the oxides prior to
reaction.

Experimental techniques

Sample preparation

Raw materials. Reagent grades of lead nitrate, ferric -
nitrate, iron oxide (o-Fe,0,), ammonium hydroxide and
ammonium bicarbonate were used as raw materials with-
out further purification. Both lead and iron nitrates were
dissolved in distilled water and the solutions were assayed
chemically (1). Experience has shown that there is a slight
variation from one batch to the other in both the impurities
and in the ferrous-ion content of the iron oxide powder. For
this reason the iron oxide powder used for these experi-
ments was analyzed both chemically for the total iron, and
spectrographically for its impurity content. The results of
these analyses are listed in Table I.

Co-precipitation methed. Pre-analyzed solutions of
lead and ferric nitrates were mixed volumetrically to give
the desired molar ratios (Fe™/Pb* =11.6 and 12.0). A



Table I. Semi-quantitative spectrographic analysis of iron oxide
used in this work*

Wt Wt Wt Wt
Element Y, Element 9% Element 9% Element %

Ba NDt W ND Bi ND Zn ND
Sr ND Pb ND Al 0.006- Ti ND
Mn  0.06 Sn ND A% ND Ni 0.03
Sh ND Cr ND Zr ND - Co ND
Mg 0.04 Si 0.03 Cu - 0.01
Mo ND  Fe PCi Ag ND

*Analysis by D. P. Palombo, see Mineral Sciences Division internal report
no. MS-AC-68-79, Energy, Mines and Resources, Ottawa,

F¥ND — non-detectable; PC — prmcmal constituent.

§The sample was 'lsdee(l for its total iron content by a chemical method
and was found to contain 70.16 Wt % Fe, .

25% excess of the amount of crystalline ammonium bicar-
bonate required to form lead carbonate was dissolved in 1
litre of distilled water. Two litres of the nitrate solution, con-
taining approximately 0.05 mole of lead nitrate and the
appropriate amount of iron nitrate, were added drop-by-
drop to the ammonium bicarbonate solution. The mixture
was stirred vigorously, During the co-precipitation process,
the pH was maintained at 8.0 = 0.1 and the temperature at
65° %= 2°C by adjusting the rate of the feed, the heating
and the ammonium hydroxide flow. The resulting slurry

was filtered, washed w1lh ethanol and dried overnight at
300°C. ‘

Semi-co-precipitation (or slurry) method. Pre-analyzed
iron oxide powder was dried at 200°C. A slurry was. made
by mixing the appropriate amount of lead nitrate solution
with a weighed portion of the dried iron oxide to give the
desired molar ratios. The concentration of the slurry was
approximately the same as that employed in the co-precipi-
tation method. The precipitation of lead in the iron oxide
slurry was performed by adding a 25% excess of a solution
of ammonium bicarbonate to the slurry. The precipitation
was carried out at room temperature and the pH of the
slurry was maintained at 8.0 = 0.1. The resulting mixture
was filtered, washed, and dried as before.

In both the co-precipitation and slurry methods, the
filtrates were tested after filtering for Pb* by both chromate
and sulphate, and for Fe* by thiocyanate, in order to ensure
that the precipitation was complete.

TGA, DTA and XRD examinations®

The TGA examinations were conducted in an air atmo-
sphere, using a Stanton Automatic Recording Thermo-
balance. A recrystallized alumina crucible was used as con-
tainer. The sample was heated to the required temperature
at a rate of 385°C per hour and soaked for up to 2 hours at
that temperature. Portions of the sample were withdrawn
for XRD examination after soaking.times of 0, 1 and 2
hours.

The DTA examinations were conducted in air at a
heating rate of 720°C per hour. The standard reference
material used was g-alumina. The sample was held in an

*TGA = thermogravimetric analysis; DTA = dlﬂferential thermal analy-
sis; XRRD = X-ray diffraction,

alumina holder, Pt vs. Pt:13 % Rh thermocouples were

used for both sample and differential temperature measure-
ments. The differential EMF and the sample-holder tem-
perature were simultaneously recorded on a two-pen re-
corder, the former after amplification and the latter directly.

X-ray powder diffraction patterns of the samples, ob-
tained from various stages of the TGA and DTA examina-
tions, were prepared in order to identify the crystalline
phases present. Most of the films were obtained with a
114.6-mm-diameter Debye-Scherrer camera, using filtered
CoK radiation

Magnetic susceptibility measurements

The magnetic susceptibility values of the samples at
various heating stages were measured (in arbitrary units) as
a change of inductance in a coil that formed one arm of a
Wheatstone-bridge circuit. Samples placed within the coil
were subjected to very weak, low-frequency (1000 Hz)
fields. No evidence of saturation was observed when the
driving voltage of the bridge was altered. In order to elim-
inate the effects of environmental change, an identical coil
was used as a reference inductance in the balancing arm of
the Wheatstone bridge.

Experimental results and discussion

The TGA trace of the sample prepared by the co-
precipitation method showed that it lost weight until a tem-
peraturce of about 700°C was reached. For the sample pre-
pared by the slurry method, this weight loss was complete at
about 550°C. Both samples began to lose weight again at
around 1150°C. The TGA curves are reproduced in Fig-
ure 1,
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FIGURE 1. TGA curves of the samples prepared
by the co-precipitation and slurry methods.
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The DTA curves (2) of mixed powders with the PF,*
gross composition, prepared by both methods, are repro-
duced in Figure 2. No attempt has been made to account
for all the peaks observed below 500°C. Experience has
shown that no hexaferrite XRD pattern can be detected
with powders prepared by the above methods on heating
up to this temperature (500°C). Above 500°C, for the co-
precipitated sample, there is only one endothermic peak,
occurring at 665°C. This figure is lower than the Néel point
of hematite normally registered at about 680-690°C; in
addition, the peak does not exhibit the sharpness of profile
normally associated with the Néel peak (3).
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FIGURE 2. The DTA curves of samples with the
PFg composition, prepared by the co-precipitation
and slurry methods, previously heated to 300°C.

The slurry sample, on the other hand, shows four peaks
at temperatures above 500°C, three of these being endother-
mic. The first of these peaks occurs at 683°C, and has the
characteristic profile of the Néel-point peak of hematite.
The second peak occurs at 713°C; the third is a large endo-
thermic peak at 879°C, that is followed immediately by an
exothermic peak of about the same size at 892°C.

With the freshly co-precipitated sample, no crystalline
material could be detected by XRD analysis. Hence, the
form in which the lead was precipitated could not be ascer-
tained by this means. However, the sample, when heated at
200°C, was found to contain lead nitrate and hematite.
On further heating, the Pb(NO,); decomposed and, after 1
hour or more at 600°C or higher, a phase having an ap-
parent magnetoplumbite structure began to appear (Table
I1:: The phase diagram of the system PbO-Fe,0,(4) shows
that the compounds immediately next to PF, are PF. on
one side and F on the other.

PF. and PF, have very similar structures. Figure 3
shows the PF, structure (5). It has been reported that PF,
has the same basic structure as PF, with several of the ogy-

*P = PbO, F = Fe,0,, P,F = 2PbO.Fe,0, and PF, = PbO.2Fe,0,

PF, = PbO.6Fe,0,. This nomenclature will be used throughout the ‘Te-
mainder of this paper.
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Table II. Phases identified by X RD in samples with PFg com-
position prepared by the co-precipitation method after various heat
trealments

Temper- Soaking time (hr)
ature
(°C) 0 ' 1 2
500 F+P F4 P F4 P
600 F+P F+P+PF, F+PF,+ P

700 F 4 PF,+ P F 4 PF, + (P) F 4 PR,

725 F + PR, F - PF, F 4 PF, 4 PF,
750 F 4 PF, ¥ + PF, 4+ PF; F + PF, + PF;
775 F + PF, 4+ PF; F 4 PF¢ 4 PF, F 4 PF; + PF,
800 F ++ PFq + (PFy) F 4 PFg PFs + F

900 PFs; + F PFs + (F) " PR,

1300 F 4 (PFg)
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FIGURE 3. Crystal structure of the PFg compound
showing one unit cell.

gen atoms in the middle plane of the “R” blocks being re-
placed by lead atoms, with the two octahedrally-coordinated
iron atoms associated with this plane missing in order to
balance the charges. The two compounds give extremely
similar XRD patterns (see Table 1II and Figure 4), and
this similarity creates a serious problem in the interpreta-
tion of XRD results for the intermediate products. How-
ever, there are certain minor lines in the patterns of both
PF. and PF, that can be considered as diagnostic; these are
indicated by arrows on Figure 4. There is no difficulty to
diagnose the presence of P.F by X-ray means.

Table 1I shows that the formation of PF, from the co-
precipitated sample is virtuaily complete at about 900°C,
The two strongest hematite lines were never completely ab-



Table 111, Campar’ison of X-ray diffraction lines of PFy and PF,

Present work
Powder with PF; composition prepared by

PF, co-precipitation method. Calcined PFq
After Berry (6) ) 600°C 1hr 800°C 0hr After Mountvala and Ravitz (4)
hkl Int, d(A) - Int* d(A) Int* | d(A) hki!  Int. d(A)
004 10 11.5 w 11.9
vw 5.89
202 10 5.05 vw 5.00 w 5.03 11) R 30 4.97
' : 102 20 4.65
vw 4.27 103 10 4,24
00 12 20 3.01 w 3.88 006 20 3.83
m 3.681 m 3.67t
20 12 10 3.11 w 3.06 vw 3.1
220 40 2.96 w 2.95 w 2.95 110 35 2.934
vw 2.86 008 25 2.879
’ w 2.80 112 15 2.844
20 14 60 2.81 vw 2.81 w 2.76 107 100 2.764
vs 2.701 vs 2.70% :
228 100 2.64 Cvw 2.62 w 2.63 114 85 2.018
. ' 200 10 2.546
20 16 10 2.55 3 2.52t ] 2.51% 108 10 2.508
406 20 2.44 vw 2.43 VW 2.43 203 35 2.410
40 10 10 2.25 . vw 2.24 205 25 2.227
m 2.20t m 2.20%
22 16 5 2.09 vw 2.07 vw 2.07 206 15 2.118
20 22 . 20 1.846 m 1.8371 m 1.838f 10 11 10 1.839
11 10 10 1.807
5 1.732 _ ' )
42 14 50 1.680 s 1.691f s 1.692t 217 20 1.663
00 28 40 1.644 00 14 10 1.649

*Visual inlensily: vs-very strong; s-strong; ms-medium strong; m-mediuwin; w-weak; vw-very weak.

tHematite lines.
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FIGU‘hE 4. Comparison of X-ray diffraction line:
of P;F, PF and PFg. - . .

sent in the sample with the PF, composition, but they were
extremely weak in samples that had been heated to 900°C
or higher. These lines were, however, completely absent in
a co-precipitated sample with the PF; s compositjon that had
been heated at 1100°C. This observation could possibly

4.

support the suggestion (7) that the true formula for the
“hexaferrites” might be 2MO.11:0Fe,0, rather.than MO.
6'0Fe.0,. XRD patterns of samples with the PF, composi-
tion heated to above 1150°C showed the presence of con-
siderably more hematite, indicating the loss of some PbO
due to volatilization. This is in agreement with the TGA
results. By 1300°C, there was very little PF, remaining.
Fortunately PF, is anti-ferrimagnetic (4) whereas PF,
is strongly ferrimagnetic. Based on these magnetic pro-
perties, the presence of PF, among the substances giving
the magnetoplumbite pattern can be indicated by measure-
ment of their initial magnetic susceptibility, Insertion of a
sample into the coil produced typical changes of induct-
ances as follows: (a) before PF, was formed — 0.003%,
(b) after PF, was formed — 1.5%. These figures are suffi-
ciently different in order of magnitude to give an unequi-

vocal-indication of the presence or absence of PF,. Figure

5 shows the.initial susceptibility (XO)' of PF, compositions
plotted against their calcination temperatures. For the
sample prepared by the co-precipitation method, y, started
to rise from the minimum value at about 660°C. However,
the magnetoplumbite-like pattern was detected in this sample
at below 600°C. This implies that the substance giving the
magnetoplumbite structure below 660°C could, in fact,
only be PF.. At 660°C, PF., started to react with the resid-
ual hematite to form PF,. By 775°C, there was enough PF,
formed that, with very careful observation, splitting of
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FIGURE 5. Initial magnetic susceptibility of the

sample prepared by the co-precipitation method
at various calcination temperatures.

(107) lines can be detected, indicating the presence of PE,
and PE,,

The DTA peak at 665°C (see Figure 2) is thus asso-
ciated with the formation of PF. and its subsequent con-
version, by reaction with the residual hematite, to form
PF.,. It will be seen that the peak is broad, extending over
a significant temperature range. The initial formation of
PE, is indicated from Table II as taking place at 600°C in
the samples heated for 1 or 2 hours. The DTA trace, how-
ever, shows its peak at 665°C. It is entirely reasonable that
the soaking experiments, being static and extending over
significant time intervals, should record the reaction as
occurring at a detectable rate at lower temperatures than
are observed in the DTA technique, in which the reaction
is studied under dynamic conditions whereby the sample
temperature is constantly changing. It is thought probable
that most of the enthalpy change associated with this peak
is due to thé formation of PF, since only a slight structural
change is involved in going from PF, to PF,; this slight
change would, presumably, be associated with only a very
small enthalpy effect. ]

The situation is quite different with the samples pre-
pared by the slurry method. Figure 2 shows that there was
considerably more thermal activity in this sample than in
the co-precipitated sample. With the slurry sample, the lead
compound present after heating the sample to 300°C could

VOLUME 38, 1969.

not be identified by XRD. When the sample was heated to
700°C, without soaking, the lead salt decomposed into
PbO without reacting with the hematite (see Table IV). In
Figure 2, the Néel-point peak of hematite is very clear in
the sample prepared by the slurry method, but is absent in
the co-precipitated sample. No lead-iron compound was
detected at temperatures below 700°C; on heating at this
temperature or higher for 1 hour or more, the compound
P.F started to form.

Table I'V. Phases identified by XRD in samples with P Fs com-
position prepared by the slurry method after various heat treatments

Temper- Soaking time (hr)

ature

(°C) 0 1 2

700 F4+P F+P+ (PF)F+PF 4P
750 F 4+ P+ (PF) F 4 PF F + P,F

800 F 4+ P.;F F + P.F F 4+ P.F

825 F 4 P,F F 4+ P,F F 4+ P,F

850 F + P,F F 4+ PFs 4 PoF PFy + F 4 (P.F)
900 F +4 PFe+ (P)F) PRy + F PFs + F
1000  PFs + PF¢+ F PFs + (F)
1300 F 4 PF,

Table V shows a comparison of XRD patterns of P.F
and of the intermediate product in the formation of PF,
in the slurry method. The DTA peak observed at 713°C
may be associated with the formation of the P.F compound.
This compound becomes a major constituent and subse-
quently melts at a temperature of 879°C. This melting ac-
counts for the large endothermic DTA peak at this tem-
perature. Evidence for this statement was found by prepar-
ing the compound P.F by the co-precipitation method with
calcination at 800°C without soaking (Table V). This
sample melted at 879°C when it was examined by DTA.
Also, the DTA curve obtained from a sample with the PF,
composition, prepared by dry-mixing P;F and commercial
Fe,O, (the same as was used in the slurry method), was
almost identical with the curve obtained from the sample
prepared by the normal slurry method.

The magnetic susceptibility measurements (see Figure
6) show that y, started to rise from its minimum value at
about 700°C. However, owing to the much lower sen-
sitivity to the detection of minor constituents, no mag-
netoplumbite structure was detectable by XRD until a sub-
stantially higher temperature was reached. The formation
of PF, in this sample was, therefore, a result of the reaction
between P.F and F. From the above evidence, it appears
that the reaction

PoF + 11F — 2PFq. oo evvvnn. ... (Eq. 1)

is a solid-solid reaction in the initial stages followed by a
solid-liquid reaction, corresponding to the peak at 892°C.
The formation of PF, was not tcomplete until a temperature
of about 1000°C was reached. There was no evidence
either to support or to deny that the formation of PF, can
occur simultaneously with that of PF,. As with the co-
precipitated sample, the hexaferrite prepared by the slurry
method began to lose PbO by volatilization at about
1150°C.



Table V. Comparison of diffraction lines of P2F and of the intermediate product in the formution of PF by the slurry method

Present work
Powder with P;F

IP,F calculated from

Powder with PI¢ composition
prepared by slurry method

composition prepared by
co-precipitation method

Berger and Pawlek (8) 700°C 2 hr- 850°C 0 hr 800°C 2 hr
hki Int, d@d) Int.* d(&) Int.* d(A) Int.* dA)
VW 5.93¢ )
112 5 4.53 vw 4.51 w 4.47 vw 4.53
004 14 3.98 :
200 23 3.88 w . 3.87 m 3.85 w 3.86
m 3.681 m 3.671
104} 13 3.53 vw 3.54 w 3.52
202
m 3.05%1
w 2.94% .
220 100 2.71 s 2.76 Vs 2.71 m 2.78
204 -
vs 2.701 vs 2.69%
s 2.52¢ s 2.51¢
116 2 2.39
312 9 2.36 w 2.36 w 2.35 w 2.35.
313} 3 2.20 m 2.21% m 2.20% vw 2.20
206
321 1 2.14 VW 2.08% vw 2.07t vw 2.13
008 13 1.985 vw 1.999 vw 1.987 vw 1.976
400 22 1.950 w 1 1.945 m 1.947 m 1.946
m 1.840t m 1.839¢%
208 11 { 1.769 vw 1.795 vw 1.742 vw 1.743
404} 1.747 vw 1.718
420
. m 1.691f m 1.693t
vw 1.637%
228 41 { 1.613
424 1.597 w 1.596 m 1.597 ms . 1.596
vw 1.532
m 1.483% m 1.483%
vw 1.468
m 1.452¢ m 1.451%
408 9 1.391
440 9 1.379 m 1.376
620 11 1.234 m 1.231
604 S
*Visual inlensily: vs-very strong; s-strong; ms—mediumn strong; m-medium; w-weak; vw-very weak.
tlfematite lines.
1Ph0 lines
Theoretical considerations K, K, Ks

From the above results, there are apparently two dif-
ferent mechanisms for the formation of PF, from its oxide
components. The occurrence of the various phases over the
relevant ranges of temperature is illustrated schematically
in Figure 7. It is difticult to believe that the production of
different intermediate products by the two dificrent pro-
cesses, indicating two different mechanisms of reaction,
could be attributable to real thermodynamic differences.
It is more reasonable to consider that these differences are
of a kinetic pature, and that some simple model can be
postulated to explain both mechanisms.

Let us assume that the formation of PF, from the
oxide components proceeds via the following steps:

2P 4+ 12F & PoF 4 11F & 2PF, + 8F = 2PF,...(Eq. 2)

where K,, K. and K, are the rate constants for the first,
second and third steps of the reaction, respectively.

These three rate constants will, in general, depend to
different extents upon temperature, i.e., the Arrhenius plots
of log K against 1/T will have different slopes. Assuming
that the plots of log X, log K., and log K, against 1/T
intersect within the temperature range covered by the ex-
perimental formation of the compounds P,F, PF, and PF,,
then it is possible to select gradients for the three log K vs.
1/°T plots which will be consistent with the experimental -
observations of the occurrence or non-occurrence of any
particular compound at any temperature within the range

under consideration.
\
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FIGURE 6. initial magnetic susceptibility of the
sample prepared by the slurry method at various
calcination temperatures.
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If we consider first the stages K, and K., then, if the
log X, plot is steeper than the log K, plot, at relatively low
temperatures PF, and PF; will be observed but not P.F,
whereas, at relatively high temperatures, P.F and PF, will
be observed but not PF.. As will be seen from Figure 7
and Tables II and IV, the reaction to form PF, occurs at a

VOLUME 38, 1965,

higher temperature with the slurry method than with the
co-precipitation method. This accords with above postulates.
Similar types of consideration can be developed for the
Ki—K, relationships with temperature, In this case, in order
to be consistent with the observed facts, the plot of log K,
vs. 1/T must be steeper than that of log K..

The experimental verification of the above postulates
concerning the relative dependences of K;, XK. and X, on
temperature could be achieved by measurement of diffusion
rates of PbO into Fe,O, or vice versa in a composite PbO/
Fe.O; pellet heated at various temperatures. It is hoped to
conduct experiments along these lines. If these postulates
are, in fact, verified, then it still remains to explain why the
rates should depend differently upon temperature and to
work out how the relative particle sizes of the reacting
species will affect the absolute values of these rates, taking
into consideration such factors as areas of contact, whether
the reaction occurs by solid-solid interaction or by vapour-
phase diffusion, and whether a liquid phase is involved at
any stage. This also it is hoped to do.

Apparently the kinetic differences in the mechanism
of the formation of PF, belween the samples prepared by
the co-precipitation and by the slurry methods are, indeed,
associated in some way with differences in average particle
size of the iron oxides used in the two samples. The results
of the following test-would indicate this. Hydrated Fe.O,
was precipitated from an iron nitrate solution. The pre-

- cipitate was collected and dried thoroughly at 200°C. Part

of it was then calcined at 800°C to ensure complete dehyd-
ration. PF, compositions were prepared by dry-mixing PbO
(yellow) with portions of both the calcined and the un-
calcined iron oxide. The two mixtures were then heated to
800°C. XRD patterns showed the formation of P,F in the
sample prepared using calcined Fe.O, and of PF; in the
sample prepared using uncalcined Fe,0, The surface area
of the calcined iron oxide was 3.4 m*/ g and of the uncal-
cined, 113.9 m®/ g. Such differences could well be kinetically
significant.

All that has been achieved at the present stage of the
investigation is to indicate that there are two different
mechanisms of the formation of PF, from its constituent
oxides, that the intermediate products are either P.F or
PF,, depending on circumstances, and that there is a logi-
cal kinetic pattern which is consistent with these experi-
mental observations.

Conclusions

1. The experimental conditions selected (pH, tem-
perature and quantity of carbonate used) are sufficient to
ensure the complete precipitation of both iron and lead.
However, the form in which the lead was precipitated could
not be identified by X-ray diffraction.

2. Magnetic susceptibility measurements were found
to be more sensitive than XRD as a means of detecting the
existence of a magnetic compound in the non-magnetic
matrix (in this case, the presence of PF, in a matrix of PF.).
This experimentally simple method was a very useful tool
to study the reaction mechanisms in the PbO-Fe,0, system.

3. There is an apparently different reaction mechanism
for the formation of PF, when prepared by co-precipitation
from when prepared by the slurry method. The former
method gave PF. as its intermediate product, whereas in the



second, P was observed as the intermediaie product. In
both cases the reactions were complete at about 1000°C.

4. 1t is probable that this difference is not ol a thermo-
dynamic nature but rather a kinetic phenomenon. Further
experiments arce in hand to clarify this point.
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