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Abstract: The phase transformation process from 25 °C to 1450 °C and the magnetic properties of Sro;Lao;Cag4Feioeos-

Co0.225Zn0.1019 were investigated by high-temperature X-ray diffraction, thermal analysis, vibrating sample magnetometer and

scanning electron microscopy. The results show that the formation of M-type hexagonal ferrites in air passes through two

endothermal reactions. SrCOs and partial Fe,Os first generate the intermediate phase Sr;Fe,O-., around 700 °C. And then Sr;Fe;O7.4

and the remaining unreacted Fe,Os; generate SrFe;,0;9. Meanwhile, La3+, Ca2+, Co*" and Zn*" ions gradually dissolve in the

intermediate phase or the latter product M phase with the temperature increasing. The perovskite was obtained when annealed at

about 700 °C, which may transform perovskite into Sr;Fe;O7., during the cooling process. The average valence of Fe in Sr;Fe;O7.4 is a

function of temperature. A very high single degree of M phase and a small number of second phase were obtained at about 1200 °C, and

the cationic are evenly distributed in the crystal. The rectangularity of the demagnetizing curves of the LaCaCoZn-type substituted ferrite

powder decreases compared to that of unsubstituted ferrite powder. The ferrite will be decomposed at about 1380 °C.
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Currently a significant improvement of the magnetic
properties of M-type ferrites can be obtained by the partial
substitution of St** or Fe** ions, or both.

Research on the phase transition of magnetoplumbite has a
guiding effect on the pre-sintering process of ferrite. Batti'!
first systematically studied the SrO-Fe,O; pseudo-binary
system, highlighting the strontium-rich phases SrFeO;,
Sr;Fe,0; and SrsFe,O,. Later, the pseudo-binary system
SrO-Fe,05 and the pseudo-ternary system Ca0-SrO-Fe, 0,
La,05-SrO-Fe, 05, etc. were also reported. La’" and Ca* can
completely replace Sr**, but the phase region of LaFe;,0yand
CaFe ;0,9 1S
temperature is high, and it is difficult to prepare. SrFe;;0y
can be stabilized to 1390 °C, and then began to incongruently
melt to form SrFe;gO,; and liquid phase. In the study of
Batti"!, SrO did not show solubility in SrFe;,0,y. However, it
was later found that the proportioning of iron deficiency can

extremely narrow, the requirement of
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get a single M phase at the appropriate temperature, which
indicates that SrO has certain solubility in SrFe;,0,6™. The
point is also confirmed by Langhof'”, showing that the phase
width decreases as the temperature decreases and disappears
until 1100 °C. At present, there are two main viewpoints about
the intermediate phase: Haberey™ found that perovskite
SrFe0;., will be generated between 660 °C and 730 °C, then
SrFe0;., with the remaining Fe,O; to generate SrFe;,0;9. And
Berbenni' also confirmed this in the later study. However,
Beretka''” found that the intermediate phase obtained in
vacuum and air are SrFe,0, and Sr,Fe,Os. And the two phases
almost appeared at the same time.

In the present study, the formula of the Srj;Laj;Cags-
Fei0625C00225Zn0 019 component was prepared by the
solid-state reaction method to investigate that reaction process
with increasing temperature and magnetic properties.
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1 Experiment

All samples were synthesized through the solid-state
reaction method. Components were chosen according to the
chemical formula Sry;Lag;CagsFe; 65 Copaas Zng019. All the
precursor materials of StCO;, CaCO;, La,0;, Fe,O; Co,04
and ZnO were powders of analytical grade. Firstly, these
powders were mixed and presintered at 1250 °C for 2 h in air
atmosphere. Then the presintered samples were further
wet-milled for 4 h. The finely milled slurry was compacted
into disk-shaped pellets under 8 MPa in the magnetic field of
1000 kA/m, and then calcined at 1200 °C for 2 h in air.

Phase composition of the samples used in this paper was
analyzed by X-ray diffraction and high-temperature X-ray
diffraction (HTXRD) in a 6~26 diffractometer using Cu-Ka
radiation. The thermal analysis was carried out in a
simultaneous thermogravimetric analysis and differential
scanning calorimetry (TG-DSC) under air atmosphere. The
surface morphology and microstructure of the sintered
magnets was observed by a field emission scanning electron
microscope (FE-SEM). Magnetic property measurements at
room temperature were performed in a vibrating sample
magnetometer (VSM) Upto 1.9 T.

2 Results and Discussion

2.1 Thermal analysis

As in Fig.1, the TG-DSC curves can be divided into four
parts.
2.1.1 Dehydration

There is a small endothermal peak at 379 °C, accompanied
by the mass loss of 1.34% in the TG-DSC. This stage should
be the decomposition of La,SrO, (2La(OH);-SrCO5)!"'. Tt is
due to the combination of SrCO; and La(OH); generated by
La,0; and water ionization in the wet grinding process. Fig.2
shows the characteristic peak of La,SrO, vanishes after the
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sintering at 380 °C for 30 min. Therefore, the HTXRD and
TG-DSC show that La,SrO, dehydrate endothermally at about
379 °C, and combined with the previous research!"'! the
reaction equation can be represented as:

2La(OH),-SrCO, (s) = La,0, (s)+3H,0 (g)+SrCO, (s) (1)

Fossdal'” et al observed that impure SrCO; decomposed
between 350 °C and 450 °C in TG-DSC test. However, no the
reduction of SrCO; and the formation of SrO were observed
through XRD in this experiment. In addition, the SrCOj;
crystal changed at about 900 °C, and then began to
decomposem]. So, the endothermic reaction is due to La,SrO,
decomposition at 380 °C instead of SrCOs.

2.1.2  Formation of intermediate phase

The TG-DSC curves show three consecutive exothermic
peaks with a mass loss up to 2.94% between 600 °C and 800
°C. The characteristic peak of Sr;Fe,O,; appears at 600 °C,
which becomes clear and sharp with the increasing temperature
(Fig.3). Meanwhile the characteristic peaks of SrCO; and
CaCO; gradually disappear. There are mainly Fe,O; and
SrFe;,019 when the calcination temperature increases up to 800
°C. At the same time, the XRD does not detect doped Co,0;
and ZnO because their contents are too low.

It can be seen that two exothermic peaks exist at 701 and
721 °C on the TG-DSC curve which should be attributed to
the formation of the ferrite intermediate phase Sr;Fe,0,; and
CaCO; Sr;Fe,0;., crystal lattice
considering the HTXRD analysis. The equations are as
follows respectively:

dissolving into the

3SrCO;(s) + Fe,05(s) + %Oz(g) =8Sr,Fe,0,_,(s)+3CO,(g) (2)
Sr;Fe, 0, ,(s)+xCaCO;(s)=Sr;  Ca Fe,O, ,(s)+xCO,(g)

x 3)
+ Eoz(g)

The influence of the atmosphere sintering on the magnetic
properties of the ferrite has been studied. This stage also



An Jianzhang et al. / Rare Metal Materials and Engineering, 2019, 48(8): 2447-2453 2449

illustrates the importance of sintering to the formation of ferrite
in an oxygen-containing atmosphere. The inset in Fig.3 shows
the Sr;Fe,0;., characteristic peak not only becomes sharp and
obvious, but also changes its oxygen stoichiometry with the
temperature rise from 600 °C to 750 °C. It is mainly
Sr;Fe,07, in 600 °C, subsequently some Sr;Fe,Ogo;,
Sr3Fey0¢74, Sr3Fe;Og64, Sr3Fe;0g55 and Sr;Fe,Og are found
between 680 °C and 750 °C. It is shown that the oxygen
vacancies ordered structures phase Sr;Fe,0,.; appears during
the heating process. With the temperature increasing, some
tetravalent iron transforms into trivalent iron and the
corresponding oxygen vacancies appear, which can be
expressed as:

d .
Sr,Fe,0,(s) = Sr,Fe, 0, ,(s)+ 7 0,(g)+dV, @)

For d=1, all Fe is reduced to the trivalent state.

The perovskite SrFeOj;., also belongs to the RP type
compound, and about oxygen vacancies ordered structures
were studied. Some studies have shown that the stoichiometry
of oxygen is a function of temperature and partial pressure of
oxygen[l4‘15]. Like SrFeO;.,, the oxidation state of Sr;Fe,O., is
related to temperature and partial pressure of oxygen, as well
as affects its magnetic properties and crystal structure. The
point defect reaction is accompanied by a continuous
endothermic enthalpy and mass loss due to the formation of
O,. It can be seen that there are three thermal reactions
between 600 °C and 860 °C from the TG-DSC curve in Fig.1.
The second thermal reaction should be finished at about 740
°C. There is, however, no SrFe;,0,y by XRD after annealed at
760 °C for 3 h, so the continuous endotherm and mass loss
before 820 °C indicate the formation of SrFe,O,y and the
formation of oxygen vacancies ordered structures of
Sr;Fe, 0,4 It is confirmed that the average stoichiometric
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number of oxygen in Sr;Fe,0,, is 6.27 before SrFe;;,0y
generated.

Beppu!'® found that only oxygen ions in the 2a site are
eliminated by the H, reduction. In addition, the perovksite
double layer of Sr;Fe,O, allows ordering of the oxygen
vacancies by total removal of the oxygen linking the
octahedral layers!'?. Therefore, the formation of point defects
may depend strongly on the lattice sites. And it is likely that
such a structure is more favorable to its stablility at high
temperatures.

The perovskite SrFeO;_;was obtained by annealing at 750
°C for 30 min, which is different from the result obtained by
HTXRD. This may be because SrFeOs., is easy to decompose
in the annealing process due to the poor thermal stability of
Sr3Fe,0;... The decomposition equation is as follows:

1+2d, -6d
2

2Sr,Fe,0,, (s)+Fe,0,(s)+ 20,(g)=6SrFe0,, (5) (5)

At the same time, Sr,.La,FeO;, is also found. It indicates
that La*" may have dissolved into the Sr;Fe,O;., lattice at
more than 700 °C. Martinez!'” obtained SrFeO; during the
reduction of SrFe;,0;9 by H,. If SrFe ;0,9 can decompose to
perovskite, it is possible that Sr;Fe,0;4 as the intermediate
phase of SrFe;,0,9 decompose to SrFeO;_,. On the other hand,
the SrFe;;0,9 magnetoplumbite nanofibers ferrite of low-
temperature is composed of metastable atomic clusters of
many kinds of atomic arrangement with some intrinsic con-
nections'"®. This metastable atomic clusters can form different
crystal (the intermediate phase) under different thermo-
dynamic conditions. This may be, therefore, a reason that
different intermediate phase was found in previous studies.
2.1.3 Formation of ferrite

Fig.1 shows a large endothermic peak around 820 °C with a
further decrease in mass. It can be seen that Sr;Fe,O;.,
gradually disappears and M phase appears in Fig.3, indicating
that the Sr-rich phase Sr;Fe,0;.; with the excess Fe,O; further
react to form M phase and emit oxygen:

S1Fe.0,.,(5)+17Fe,0,(9) = 3517e,0, )+ -2 0,(&)  (6)

In previous studies!'”, SrCO; first decomposes to SrO at
low temperature, and SrO reacts with Fe,O; to form
magnetoplumbite ferrite through a series of reactions. Based
on the above discussion, it is known that SrCO; can react
directly with Fe,O;, and does not need to decompose into
transition phase SrO to further react with Fe,Os.

It can be seen that the DSC curve is asymmetric, with
relatively wide endotherm peak at 1060 °C from the Fig.1.
While the TG curve tends to be stable, and there is no sign of
mass change. It is known through XRD that the endothermic
peak corresponds to crystallization of amorphous strontium

19 also found a endothermic peak of

hexaferrite. Gajbhiye
crystallite after the formation of SrFe;,0,9, in agreement with

our experiment. The amorphous strontium hexaferrite is
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destabilized and easy to decompose at low temperatures. The
continuous endotherm with increasing temperature may be
due to the fact that dopants (Ca’", La’", Co™", Zn®") gradually
homogeneously dissolve into the SrFe;;O;y crystal lattice
above 800 °C. It is also seen that SrFe;,O9 is already
perfectly crystalline with a high single degree at 1190 °C
according to the XRD patterns, SEM micrographs and EDS
analysis of the annealed samples in Fig.4 and 5, and the
dopants are evenly distributed in the crystal lattice. The Egs.
(2) and (6) also illustrate that Sr-excess is beneficial to the
absorption of Fe,Os. On the other hand, it also shows that SrO
has a certain solubility in SrFe;,019, and SrFe;,Oy has phase
width in the pseudo-binary SrO-Fe,0; system.
2.1.4 Decomposition of the ferrite

In Fig.6a, samples annealed for 2 h in air display a
continuous increase of shrinkage rate with the temperature rise.
This shrinkage behavior is also reflected in the densification
of green compacts, and conducive to the improvement of
remanence. The shrinkage rate of magnet with Sr-excess
(Srg3Lag3Cag 4Fe0.625C00.225Z001019) is higher than that of
magnet with stoichiometric M-type ferrite (Sry;Lag3Cag4-
Fey1675C00205Z10,1019) after 1040 °C, which may be due to forming
liquid phase with Sr-excess. Additionally, Langhof*” found
that the magnet of Sr-excess shrinks sharply at 1206 °C, which
proves that the excessive SrO can promote the density of
magnet because of the formation of liquid phase. So, the
proper excess of strontium is conducive to sintering. It is
difficult to observe the differentiation of these compounds by
the BSE images because the elements of the ferrites and

Sr-rich phase are similar. Fig.1 shows that a large exothermic
peak appears accompanied by mass loss of 1.64% at about
1380 °C. Previous research”**!"! showed that a series of mass
losses and three endothermic DTA signals are observed in the
study of Fe-rich part of the pseudo-binary system SrO-Fe,O;
through TG-DTA. The first DTA peak with an onset of 1418
°C indicates the incongruent melting of SrFe;;O;9 and
formation of X-type ferrite when Fe:Sr=12:1, and a mass loss
of 0.5% is indicative of the reduction process. The second
peak (onset at 1435 °C) represents the melting of the X-type
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Fig.4 XRD patterns and SEM micrographs of SrosLag3CagsFei0.625-
Co0.225Z1n9.1019 sintered at 1190 °C for 2 h

Fig.5 EDS mapping of La (a), Ca (b), Co (c) and Zn (d)
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Fig.6 Shrinkage rate curves of Sro3Lag3Cag4Fe 0.625C00.225Zn91019
and Sro3Lag3CagaFer1.675C00225Zn0.1019 (a); XRD patterns of
SrosLag3CagsFer0.625 Coo22s Zng 1019 annealed at 1450 °C for
2 h (b)

ferrite and formation of W-type hexagonal ferrite, and a mass
loss of 0.3% is observed. The third peak (onset at 1452 °C)
finally signals the incongruent melting of W-type ferrite and
formation of magnetite with a corresponding mass loss of
1.0%. There is no continuous phase transition in the high
temperature region in Fig.1, and a large amount of liquid
phase, Fe;0,4, Cay3Sro;,0 and unknown products are found at
1450 °C as Fig.6b. The TG-DSC curve in this study is similar
to the TG-DTA curve of Sry_LaFe;,0p9 (x=0.25, 0.5, 0.75)
from study by Seifert of the La substituted M strontium
hexagonal ferrite. Combined with this study, M phase may
generate an unknown phase at high temperature and may also
be the X-type ferrite decomposed into unknown phase because
of poor thermal stability.
2.2 Magnetic properties

It can be observed from Fig.7 that the rectangularity of
the demagnetizing curves of LaCaCoZn-type substituted
ferrite powder decreases compared to that of unsubstituted
ferrite powder. Previous research’™?* has shown the Co’*
ions substituted for Fe*" ions in the octahedral 4f, and 2a sites,
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Fig.7 Magnetic hysteresis loops of the M-type ferrite powders

besides a valence change of some Fe’' to Fe*" in the 2a site.
The introduction of Co®" and La’" is beneficial to magnetic
properties due to the special electronic structure of the
substituted ions and their preference occupying in the
magnetic cell. In particular, the addition of La-Co signifi-
cantly improves the anisotropy-crystalline anisotropy
field™!. The non-magnetic Zn”" ions preferentially substitute
Fe' ions in 4f; site and decrease the magnetic moment in
the spin-down direction®®. On the other hand, as the 4f)
site is in the close vicinity of the 2a site, the substitution of
some Fe’' jon by the nonmagnetic Zn®" ion in 4f; site
induces a perturbation of the 2a site. This may cause an
increase of the superexchange 4f;-O*-2a interactions**").
So, the addition of Zn®" can be attributed to the increase of
addition of
Zn*"greatly reduces the anisotropy-crystalline anisotropy

the saturation magnetization. But the

field, which is harmful to the coercive force™. It is well
known for the M-type hexaferrites that the intensity of
superexchange interaction is thought to associate with the
magnetic moment of M, the M-O distance and the M-O-M
angle (M represents transition-metal). By substitution of
La’ jons and Ca® ions, the lattice constant ¢ may have
been decreased because the radius of Ca®" ion (0.106 nm)
and the radius of La*" ion (0.122 nm) is smaller than that of
Sr*" ion (0.132 nm)[zg’m]. This results in the enhancement of
the Fe’"-O*-Fe’" superexchange interaction strength.
In addition, Liu showed enlarged hyperfine fields for the
12k- and 2b-sites, such an increase of the exchange
interaction of the Fe’" ion at the 12k- and 2b-lattice

SiteS[zg’w] .

They are conducive to the improvement of
remanence. As can be seen from Fig.8, the particle size of
LaCaCoZn-type powder
obviously and grains morphology changes from hexagonal

to lath-shaped. Such changes in grain morphology are

substituted ferrite increases

detrimental to coercivity. This may be related to the
addition of Ca*" ions""l.
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Fig.8 SEM micrographs of the M-type ferrite SrFe;; 05019 (a) and

Sro3La03Ca0.4Fe10.625C00.225Zn0.1019 (b)

3 Conclusions

1) The La,SrO, appears in the preparation process and
dehydrates at about 380 °C.

2) The formation of magnetoplumbite-type ferrite in air has
two steps: SrCO; and Fe,O; first generate the intermediate
phase Sr;Fe,0;.; around 700 °C. And then Sr;Fe,0;., and the
remaining unreacted Fe,O; generate SrFe;;0;9. At the same
time, La’"and Ca®" also dissolve into the intermediate phase to
form Sr;.,.,La,Ca,Fe,07.,.

3) The perovskite SrFeO;, is obtained by annealing at
750 °C.

4) The shrinkage rate of magnet with Sr-excess is higher
than that of magnet with stoichiometric M-type ferrite after
1040 °C, which may be due to liquid phase formation because
of Sr-excess.

5) The rectangularity of the demagnetizing curves of
LaCaCoZn-type substituted ferrite powder
compared to that of unsubstituted ferrite powder.

decreases
The
saturation magnetization is improved due to the addition of
Zn*",
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