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Two kinds of aqueous precursor solutions are used to synthesize Mn-Zn ferrite
powders: (i) nitrate (NO) precursor—derived from solutions of Mn(NO,),, Zn(NO,),,
and Fe(NO,);; and (ii) acetate (AC) precursor—derived from solutions of
Mn(CH;COO),, Zn(CH;COO),, and Fe(NO,);. The composition of the powders
synthesized from the precursor AC is very uniform, whereas powders derived from the
precursor NO have Mn and Zn segregated on the particle surfaces. In addition, the
powders synthesized from precursor AC are solid spherical particles with fine porosity,
whereas many hollow and fragmented particles are observed in the powder derived
from precursor NO. Overall, the properties of Mn—Zn ferrite cores prepared from the
precursor AC are superior to those prepared from the precursor NO. The reasons for
the differences are explained and described in detail. The AC precursor powders
synthesized by spray pyrolysis produced Mn—Zn ferrite cores with good magnetic

properties.

. INTRODUCTION

In synthesizing multicomponent ceramic powders, it is
difficult to obtain phase and composition homogeneous
material, especially in complex compositions.' It is
nearly impossible to achieve this goal by the mechanical
milling and blending process. It is also difficult to simul-
taneously condense several reactants from their vapors in
the desired stoichiometry. For some solution methods,
such as the chemical coprecipitation and the hydrother-
mal methods, homogeneity is difficult to achieve because
the various constituents precipitate at different pH val-
ues.”™ These problems can be overcome by the spray
pyrolysis (SP) method. The powders synthesized by the
SP method are more uniform in composition than those
produced by many other techniques because the reaction
is confined to micrometer-sized droplets.’

Phase segregation may also occur with the spray py-
rolysis of multicomponent materials because of the
different solubilities of the precursor components, even
though it occurs in micrometer scale droplets. One
feasible technique to solve this problem is to choose a
proper combination of salts so that the different compo-
nents of the drops precipitate throughout the entire

» Address all correspondence to this author.
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volume of the drop simultaneously. This study is the first
to attempt this approach in detail. The usual spray py-
rolysis practice is to use mixed nitrates of each compo-
nent as precursors, like the NO precursor of the present
study. Examples include Mg-Al spinel,” CoLaO,,°
NiFe,0,,” Zr0,-Y,0,~Al,0,,> Y-Ba—Cu-0.*"" Bi-
Ca-Sr—Cu-0,'? and SrTiO,"? powders, which were pre-
pared from their mixed nitrates by spray pyrolysis.

Another study using nitrate precursors showed the ef-
fect of chelation by adding citric acid and ethylene glycol
as chelating agents.” There are also some previous stud-
ies in which “hybrid” precursors made up of different salt
types were used. For instance, Al,O,—Pt composite
particles were obtained from a mixture of Al(SO,),
and H,PtCl,," and manganese ferrite powders were pre-
pared from a precursor made up of a mixture of a chlo-
ride and a nitrate.'* However, no special attention
was paid to how the combination of different salts influ-
enced the composition homogeneity or the particle
morphology.

The purposes of this work are as follows: (i) To syn-
thesize phase homogeneous Mn-Zr ferrite powder by SP.
Of particular concern is how to choose the proper salt
combinations to obtain phase homogeneous solid (non-
hollow) particles in the SP process. (ii) To study the
properties of the Mn-Zn ferrites prepared from the re-
sulting powders.

© 1999 Materials Research Society 3073
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Il. EXPERIMENTAL PROCEDURE
A. Synthesis of powder

Fig. 1 is the flowchart of the powder synthesis process.
Two kinds of aqueous precursors were used to synthe-
size Mn—Zn ferrite powders: one is a mixture of the dis-
solved salts Fe(NO3); - 9H,0O, Mn(NO;), - 6H,0, and
Zn(NO;), - 6H,0, named precursor NO, and the other is
a mixture of the Fe(NO;); - 9H,0, Zn(CH;COO), - 2H,0,
and Mn(CH;COO), - 4H,0O aqueous salts, named pre-
cursor AC. The nitrate and/or acetate salts were dissolved
in deionized water at room temperature in molar ratios
and concentrations listed in Table I producing two kinds
of precursor solutions. The synthesis apparatus is shown
in Fig. 2. The solutions were atomized by a two-fluid
atomizer into a quartz tube reactor (inner diameter

X Zn Nitrate/ | Mn Nitrate/ I
Acetate Acetate

Dissolution
Aqueous

Precursor Solution

Atomization
Precursor Solution
Droplets

Acetate/Nitrate
Precipitate

Spray Pyrolysis
Drying

Nitrate
Precipitate

. Temperature:
l\;ﬂg{;ﬂs 15: Pyrolysis 450 ~ 850°C
As Spray Pyrolyzed
Powder
L 800 ~ 900°C
Calcination for 1.5 h

Mn-Zn Ferrite
Powder

I
Particle Size Phase Uniformity
EDX

Charactrization

Phase Composition

Morphology
X-Ray SEM

[
Surface Area
B Light Scattering

FIG. 1. Powder synthesis flowchart.

TABLE I. Physical and chemical properties of precursor solutions.

38 mm, 1 m long) heated in an electric furnace. The
atomically homogeneous aqueous salt solution was at-
omized into liquid droplets and carried by flowing air
into the first heated zone. Evaporation from each droplet
proceeded with no increase in temperature until each
droplet consisted of precipitated salts with no remaining
liquid water. As the temperature then increased, the ni-
trate salts melted but were retained in their individual
spherical particle/droplet entities. They decomposed in
the mixed oxide powder spheres as the temperature fur-
ther increased. The final reactor temperature ranged from
450 to 850 °C. The spray rate of the solutions was
6.0 ml/min, and the pressure of compressed air was
0.45 MPa corresponding to an air flow rate of 125 1/min.
The product powders were collected in a filter bag.

B. Sintering

The Mn-Zn ferrite powders were calcined at 800 to
900 °C for 1.5 h in air and pressed into ring cores at 100
MPa. One percent PVA solution was used as a binder
and pressing aid. These samples were sintered at
1320-1350 °C for 3-5 h in air.

C. Analysis of powders and cores

The morphology of the powders and the surface of the
ferrite cores were observed with a scanning electron mi-
croscope (SEM) (JSM-35C, JEOL). The particle size and
size distribution were determined by a laser light-
scattering particle-size analyzer (BI-90, Brookhaven In-
struments Co.). The crystalline phases were determined
by powder x-ray diffraction (XRD) (DMAX, Rigaku
Co.), and the crystallite size was determined by using the
XRD line-broadening effect. Fractured cross sections of
some of the smaller powder particles were observed by
high-resolution electron microscopy (HREM) (JEM-
2010, JEOL), and the element distribution was deter-
mined by an energy-dispersive x-ray spectrometer
(EDX) (SIS, Link Co.) equipped with HREM. The
electric and magnetic properties of the ferrite ring cores
(20 x 10 x 4 mm) were measured with a precision

Initial Saturation
concentration concentration Saturation SS
Precursor Component Cy(mol/l) Cg(mol/L)* degree, o number

NO Mn(NO,), 0.255 1.88 0.136 0.37
Zn(NO;y), 0.210 1.37 0.153 0.42

Fe(NO;), 1.035 2.81 0.368 1.0

AC Mn(CH;COO), 0.255 1.04 0.245 0.81
Zn(CH;C0O0), 0.210 0.84 0.250 0.83

Fe(NO;); 1.035 3.42 0.303 1.0

*These Cg values are for the “hybrid” precursor system which were calculated from Ko
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inductance-capacitance-resistance (LCR) meter (HP
4284 A, Hewlett Packard Co.).

lll. RESULTS
A. Morphology

SEM micrographs of Mn—Zn ferrite powders synthe-
sized from the precursor NO and the precursor AC by the
SP process at 650 °C are shown in Fig. 3. The particles
of the two samples are micrometer- or submicrometer-
sized spherical particles. There are some hollow or
shell-like particles from the NO precursor, but no hollow
or shell-like particles are observed in the AC precursor
sample. The mean particle sizes measured by a laser
light-scattering particle-size analyzer are 1.35 and
1.63 pm for samples AC and NO, respectively. Since
particles from both precursor types had the same initial
solution concentration and the same operational condi-
tions, the greater mean particle size of the NO sample

R R R S SRR

also indicates that there are some hollow particles pro-
duced from this precursor. Moreover, it can be seen in
Fig. 3(a) that the outer surface of the particle appears
smooth, but the internal hollow surface is rough. The
particles from both precursors are composed of many
nanometer primary particles. The HREM micrographs of
the fractured cross sections of smaller particles from
each precursor route with their corresponding electron
diffraction patterns are shown in Fig. 4. The HREM
micrographs [Figs. 4(a), 4(b), and 4(c)] also indicate
that hollow particles exist in sample NO, and the par-
ticles from both samples are composed of nanometer
primary particles. The crystallinity of the sample from
NO can be seen to be superior to the sample from AC
[Figs. 4(d) and 4(e)].

B. Crystalline size

The XRD patterns of powders from precursors AC and
NO in Fig. 5 show that the two samples are mixtures of

—
exhaust

product 12

1

FIG. 2. Experimental apparatus of spray pyrolysis process: (1) precursor solution, (2) control valve, (3) metering pump, (4) flow meter, (5) thermal
controller, (6) two-fluid atomizer, (7) quartz reaction tube, (8) resistance furnace, (9) pressure controller, (10) air compressor, (11) bag filter,

(12) gas purification column.

J. Mater. Res., Vol. 14, No. 7, Jul 1999

(b)
FIG. 3. SEM micrographs of SP synthesized Mn-Zn ferrite powders: (a) precursor NO, (b) precursor AC.
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(d)

the a—Fe,O; crystalline phase along with amorphous
phase materials. The crystallite size of the a—Fe,O5 phase
was calculated by Scherrer’s line-broadening equation.'®

A
d= Bcosh

where d is the mean crystallite size of a—Fe,O5, \ is the
wavelength (1.5405 A for Cu K_), B is the line-
broadening factor, and 0 is half the diffraction angle of
the centroid of the peak (in degrees). The most intense
(104) peak (26 = 33.15°) was used to calculate crystal-

(1)

3076

(e)
FIG. 4. HREM and electron diffraction patterns of SP synthesized Mn—Zn ferrite powders: (a), (b), and (d), precursor NO; (c) and (e),
precursor AC.

lite size. a—Fe,0; powder for calibration was synthe-
sized from 0.5 mol/l Fe(NO;); - 9H,0 solution by the SP
process at 650 °C and calcined at 1000 °C for 2 h. The
integrated area of the (104) peak for samples AC, NO,
and the calibration sample were measured from their x-
ray patterns. 3 was obtained by eliminating the broaden-
ing effect caused by the equipment and Ko, radiation.
The crystallite sizes of the a—Fe, O, phase determined by
the above method are 3.37 and 3.71 nm for samples AC
and NO, respectively, which are consistent with the
HREM and electron diffraction results.

J. Mater. Res., Vol. 14, No. 7, Jul 1999
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o — &_Fe,05

(a) precursor NO

a
a a o o

(b) precursor AC

15 25 35 45 55 65 75
26

FIG. 5. Comparison of XRD patterns of Mn—Zn ferrite powders syn-
thesized from precursor AC and precursor NO.

C. Chemical uniformity

The elemental concentration ratios of [Mn]/[Fe] and
[Zn]/[Fe] at different locations along cross sections of the
solid particles from both precursors were obtained from
the quantitative EDX results and plotted against the ra-
dial positions (r/R) in Fig. 6. As can be seen, [Mn]/[Fe]
and [Zn]/[Fe] in sample NO obviously increase with r/R,
indicating that Mn and Zn preferentially segregate to the
particle surface. The ratios of [Mn]/[Fe] and [Zn]/[Fe] in
sample AC decrease only slightly with #/R [Fig. 5(b)],
and the element distribution is more uniform in the
sample AC.

D. Ferrite phase development

SEM photomicrographs and XRD patterns of Mn—Zn
ferrite powder synthesized from the precursor AC at dif-
ferent temperatures are shown in Figs. 7 and 8, respec-
tively. All the powders are micrometer-sized spherical
particles, but they were aggregated when they were syn-
thesized at lower reaction temperature (<550 °C). The
XRD patterns show that the powders prepared below
550 °C are a mixture of oxides and amorphous undecom-
posed salts. The crystallite oxide content increases with
reaction temperature, and Zn ferrite and Mn ferrite
phases are formed in the powders synthesized above
850 °C.

Figure 9 shows the XRD patterns of three kinds of
calcined Mn—Zn ferrite powders. Powders (a) and (b)
were synthesized from the precursors AC and NO, re-
spectively, by the SP process at 650 °C, followed by
calcination at 800 °C for 1.5 h. Powder (c) was synthe-

J. Mater. Res., Vol. 14, No. 7, Jul 1999

10
e [Mn2+]/[Fe3+]
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FIG. 6. Element distribution in SP synthesized Mn-Zn ferrite pow-
ders: (a) precursor NO, (b) precursor AC.

sized by a conventional solid state reaction method, in
which 100-200 nm ZnO, Fe,O5, and MnCO; were mixed
in a ball mill for 10 h and then calcined under the same
conditions as powders (a) and (b). It can be seen from
Fig. 9 that all three samples contain a—Fe,O5 and the Zn
ferrite phase, and the relative intensities of the three
strongest peaks for the two phases in the three samples
are compared in Table II. The relative intensities of the
three strongest peaks for each phase are nearly the same
in all three samples, which means the effect of powder
orientation caused by the preparation of the x-ray

3077
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samples can be ignored. The intensities of the (104) peak
of the a—Fe, 05 phase and the (220) peak of the Zn ferrite
phase are chosen to determine the fraction converted
from iron oxide into zinc ferrite, since the two peaks do
not overlap but are near each other. The ratio of the
intensity of the two peaks, /,./1
also tabulated in Table II.

in the three samples is

o’

To evaluate the Zn-ferrite phase formation from
a—Fe,0,, quantitative X-ray analysis was applied. The
Zn-ferrite content was determined by

X I I
1:1

FIG. 7. SEM micrographs of Mn-Zn ferrite powders synthesized at different temperatures (precursor AC): (a) 490 °C, (b) 550 °C, (c) 650 °C,

(d) 750 °C, (e) 850 °C.

| — Zn ferrite

2 — Mn ferrite
3 —®_Fe,04
4_Mn O

850 °C

3

/\ A 550 °C
0

15 25 35 45 55 65 75
20

FIG. 8. Mn—Zn ferrite phase development in powders synthesized

from precursor AC by SP.
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a F— Zn ferrite
o (a) precursor AC a_ & Fe 0
F :
o
F

(b) precursor NO

(c) solid state method
0
15 25 35 45 55 65 75

20

FIG. 9. Comparison of XRD patterns of Mn—Zn ferrite powders syn-
thesized by the SP method and by the solid-state method.
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TABLE II. Intensities of XRD peaks and conversion to Zn ferrite in samples (a), (b), and (c) in Fig. 9.

Intensity (CPS)

Relative intensity (%)°

a-Fe,0,* Zn ferrite® a-Fe,04 Zn ferrite
Sample L I, Ls Ig) Ik I3 al L2 s I Ik Igs 1p/1,¢ Xp/X,
(a) 4323 3751 2581 4489 2413 2256 100 86.8 59.7 100 53.8 50.3 0.558 0.715
(b) 4331 3836 2601 3705 2070 1991 100 88.6 60.1 100 55.9 53.7 0.478 0.613
(c) 4700 4064 2652 2346 1329 1271 100 86.5 56.4 100 56.7 54.2 0.283 0.370

“The d value and Miller indices of 1, I,,, and I 5 are 2.70(104), 2.52(110), 1.70(116), respectively.
"The d value and Miller indices of I, I,, and I are 2.54(311), 2.98(220), 1.48(440), respectively.
“The relative intensities of a—Fe,O5 phase regard its strongest peak intensity I, as 100% and that of Zn ferrite regard I, as 100%.

I is the intensity of (220), i.e., I, and I is the intensity of (104), i.e., I;.

TABLE III. Comparison of properties of Mn-Zn ferrite cores prepared
from different precursors.

Saturation
Initial magnetic Curie Power loss
permeability  flux density  temperature tan &/ p;
Sample [T Bg(mT) 6, (°C) (x107%)
Sample NO  4200-4700 405 =140 =6.5
Sample AC 5000-5500 405 =140 =45

The calibration factor (I/1,),., is defined as the in-
tensity ratio of the Zn—ferrite to a—Fe,O; peaks on x-ray
patterns taken from equal weight mixtures of both
phases. The experimental result indicates that the
U/l )1 rasio 18 0.78. The X /X, ratios in the three
samples (a), (b), and (c) are calculated to be 0.715, 0.613,
and 0.370, respectively, and are also listed in Table II. It
can be seen that the conversion to Zn ferrite in powder (a)
is higher than in powder (b) and is lowest in powder (c).
Therefore, the SP synthesized Mn—Zn ferrite powders are
superior in this regard to the material derived from the
conventional solid state method, and the powder synthe-
sized from precursor AC is better than that synthesized
from precursor powder NO.

E. Magnetic properties of the sintered ferrites

The properties of Mn—Zn ferrite cores prepared from
Mn—Zn ferrite powders synthesized by the SP process at
850 °C are shown in Table III. Saturation magnetic flux
density, Bs, and the Curie temperature, 6, of the two
samples are the same. The initial permeability, p, of
sample AC is higher than that of sample NO, and power
loss tan 8/p,; of sample AC is lower than that of sample
NO. Therefore, the magnetic properties of sample AC are
better than those of sample NO. Figure 10 shows the
SEM photomicrographs of the surface of the two sintered
samples from the two types of precursors. The average
grain size in samples AC and NO are 14.7 and 12.3 pm,
respectively.

J. Mater. Res., Vol. 14, No. 7, Jul 1999

(b)

FIG. 10. SEM micrographs of the surface of Mn-Zn ferrite ring cores
prepared from SP synthesized powders: (a) precursor NO, (b) precur-
sor AC.

IV. DISCUSSION
A. Particle morphology

For a multicomponent system, the particle morphology
depends mainly on the precipitation behavior of the first-

3079
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precipitated component (FPC). Precipitation of the FPC
uniformly within the entire volume of the droplet favors
solid particle formation, while surface precipitation of
the FPC results in hollow particles. The FPC can be
determined by comparing the initial saturation degree o
of each component, that is, the ratio of the initial con-
centration C, to the equilibrium maximum solubility
concentration C,. Strictly speaking, the degree of super-
saturation should be used, but so far the supersaturation
cannot be determined for SP conditions. Nevertheless,
the degree of saturation o can be used to compare the
relative resistance to precipitation of the salts.'® The
smaller the « is, the more resistant to precipitation is the
salt. From Table I we can see that the a of Fe(NO;); is
the largest of the three components in both precursor NO
and precursor AC. In addition, the solubility of
Fe(CH,COOQ), is higher than that of Fe(NO,),,'” so
Fe(NO;); is the FPC in both of the two multicomponent
precursors.

It has been indicated by previous research on single-
component systems that a large difference between the
critical supersaturation C and the equilibrium saturation
C, of the precursor favors volume precipitation.'® The
difference (Cy, — C,) for Fe(NO;); in a multicomponent
system can be calculated from the solubility product K,

(5% - Dk,
C,-C, =—-° 3
SS S [NO;]3 ( )

where S* is the critical supersaturation for Fe(NO;)5, and
[NO;7] is the concentration of the NO;™ ion in the pre-
cursor solution. It can be seen from equation (3) that the
difference (C,, — C,) is inversely proportional to the third
power of [NO;7]; therefore (C,, — C,) greatly decreases
with [NO;7]. For precursor NO, addition of Mn(NO,),
and Zn(NO3;), to the Fe(NO,); increases the NO;~ con-
centration in the solution and results in a decrease of
(C,, — C,) of Fe(NO;);. On the other hand, for precursor
AC, addition of Mn(CH;COO), and Zn(CH,COO), to the
Fe(NO,); does not affect the value of the (C,, — C,)
of the Fe(NO;);. As a result, the difference (C,, — C,) of
Fe(NO,); in precursor AC is greater than that in precur-
sor NO. Precursor AC favors volume precipitation of
Fe(NO;), and consequently it results in solid porous par-
ticle formation compared with hollow shell-like porous
particles formed from precursor NO.

The melting temperatures of the nitrates are very
low. They are 47.2 °C, 36.4 °C, and 25.8 °C for
Fe(NO3;); + 9H,0, Mn(NO3), - 6H,0, and
Zn(NOs;), - 6H,0, respectively. During the thermal de-
composition process the crystalline water leaves first, in
steps. Above 100 °C, the decomposition gas permeability
through the molten salts is reduced, resulting in an in-
creased internal gas pressure that leads to hollow or frag-
mented particles.'® Melting temperatures of the acetates

3080

are relatively high. For example, Zn(CH,COO), - 2H,0O
melts at 237 °C. The acetates improve the gas permeabil-
ity through the particles by acting as a network frame for
the molten nitrate, allowing easier release of the gas from
decomposition, preventing pressure buildup and conse-
quent deformation of the particles. This explains why
precursor AC is superior to precursor NO for synthesis of
porous solid Mn—Zn ferrite particles.

Generally, the value of (C,, — C,) in hybrid salt
precursors with different anions is greater than that in
salt precursors with the same anion, so hybrid pre-
cursors with a proper combination of different kinds
of salts favors solid particle formation in multicompo-
nent systems.

B. Phase segregation

Phase distribution in multicomponent particles de-
pends greatly on the precipitation sequence of the com-
ponents. If the degrees of saturation of the different
components are nearly the same, simultaneous precipita-
tion of the different components will occur. When pre-
cipitation in the total droplet volume is satisfied for each
component, solid particles with uniform phase distribu-
tion will be obtained. On the other hand, if the difference
between o values of the components is large, the com-
ponents with a higher o will precipitate first, producing
the so-called sequential precipitation,' which may result
in phase segregation.

The saturation degree o for each component in the
hybrid salt precursors with different anions is the same.

a = CJC 4)

A dimensionless number, SS, is defined as the ratio of the
o of the later-precipitated component (LPC) to the o of
the FPC and is used to measure the tendency for simul-
taneous precipitation®’

SS = aypc/appe ()

SS numbers range from 0 to 1. Greater SS numbers (es-
pecially SS ~1) favor simultaneous precipitation, and
smaller SS numbers result in sequential precipitation. For
the precursors used in this study, the FPC is Fe(NO;);,
the LPC are salts of Mn and Zn. The « and the SS of each
component in the two precursors are shown in Table I.
The SS numbers of Mn(CH;COOQO), and Zn(CH;COO),
in precursor AC are 0.81 and 0.83, respectively, both
close to 1.0. Those of Mn(NO;), and Zn(NO,), in pre-
cursor NO are 0.37 and 0.42. It can be concluded that
precursor AC favors simultaneous precipitation, and it
also favors volume precipitation, so solid particles with
uniform phase distribution are obtained [Fig. 3(b)]. Phase
segregation in the particles derived from precursor NO is
due to sequential precipitation according to the lower
SS numbers.

J. Mater. Res., Vol. 14, No. 7, Jul 1999
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Combining Eq. (4) with Eq. (5), the SS numbers can
be transformed as

_ COLPC/COFPC (63)
CSLPC/CSFPC

_ CULPC/CSLPC (6b)
CoFPC./CsFPC

From Eq. (6a), it can be seen that for a given initial
molar ratio, C,; pc/Cyppe, in the composite powder we
should choose a combination of precursor salts so that
the ratio, Cy p/Cepe Of the equilibrium concentration is
nearly equal to the initial molar ratio Cy; p/Coppc, Which
will satisfy SS ~1 and favor uniform phase distribution.

From Eq. (6b), the concentration limitation in the com-
posite for a given combination of precursor salts can be
determined.

C. Formation of ferrite phase

The formation of zinc ferrite by a solid state reaction
is a typical diffusion-controlled process,”' and the reac-
tion rate can be described by the Jander equation®

(2K
(1= (1 - @7 = ( .:)’ (7)

O

where ¢ is the fraction reacted, r, is the initial particle
radius, K is the reaction rate constant, and ¢ is the reaction
time. From Eq. (7), it can be seen that the smaller r,
results in a more rapid reaction rate. r, can be regarded as
the diffusion distance of ions and obviously, the reaction
rate increases with a decrease in the diffusion distance.
The particle size of the ZnO, Fe,O;, and MnCO, in the
raw material powder (¢) is 100-200 nm, while the par-
ticle sizes of the SP synthesized powders (a) and (b) are
1.35 and 1.62 pwm, respectively. It first appears that r, for
powder (¢) is less than that of powders (a) and (b). How-
ever, the SP synthesized particles are comprised of
nanometer primary particles. The HREM photomicro-
graphs indicate that the size of the primary particles is 20
nm in powders (a) and (b), which is much less than the
particle size of powder (c).

Ito et al.>® studied the effects of grinding ZnO and
Fe,O, on the rate of formation of Zn ferrite, and found
that better mixing of ZnO and Fe,O; will increase the
contact area between them and enhance the rate of ferrite
formation. The SP synthesized Mn—Zn ferrite powders
are composed of very uniformly distributed nanometer
primary particles. Such uniformity cannot be achieved by
mechanical mixing. The special microstructure of SP
synthesized Mn-Zn ferrite powder decreases the diffu-
sion distance for the ions and increases the contact area
between reactants, leading to a higher conversion to the

Zn ferrite in powders (a) and (b) than that in powder (¢).
In the same way, the segregation of elements Mn and Zn
at the particle surface in powder (b) influences the mix-
ing of reactants, and results in the relatively low conver-
sion to ferrite in powder (b) compared with that in
powder (a). In addition, segregation in the SP powders
was limited to the size of a single micrometer-sized par-
ticle, which may be much smaller than the aggregates
existing in powder (c).

Toolenaar and Verhees™ found that reactive sintering
of ferrite is accompanied by a microscopic expansion and
an increase of the average pore size, which will severely
influence the densification and the properties of the final
products. They demonstrated that the best way to mini-
mize the increase in pore size during reaction is to use
homogeneously mixed smaller particles. From this
point of view, the powder synthesized from precursor
AC by the SP process is the best method to achieve this
goal. The above analyses are aimed at the formation
of Zn ferrite, but they are also valid for formation of
Mn ferrite because of the similarity of formation of the
tferrites. Mn—Zn ferrite cores with good properties can
be made from SP synthesized powders. and magnetic
properties can be further improved if the composition
of the precursor solution and the sintering process are
optimized.

V. CONCLUSIONS

For multicomponent powders produced by the SP
process, hybrid salt precursors with different anions
maintain a higher value of (C_ — C,) and favor volume
precipitation and solid particle formation. Multicompo-
nent precursors with the greatest SS numbers result in the
simultaneous precipitation of the component salts and a
uniform phase distribution. Precursors with smaller
SS numbers result in a sequential precipitation and
phase segregation. Solid Mn-Zn ferrite powders with
uniform phase distribution was synthesized by the SP
process from the hybrid precursor salts of Fe(NOj)s.
Mn(CH;COO),, and Zn(CH;COO),. The SP synthesized
powders are favorable for ferrite formation because of a
very uniform distribution of nanometer primary oxide
particles. Mn—Zn ferrite cores with good magnetic prop-
erties were prepared from these powders.
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