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Strontium hexaferrite (SrFe;,0,9) compounds with hexagonal structure are fabricated by sintering
the mixture of a-Fe,O; and SrCO; and ball milling the mixture of a-Fe,O; and SrCO; followed
by heat treatment, respectively. The mechanism of formation of the SrFe;,044 in the two kinds of
procedures was investigated by using both thermogravimetry and X-ray diffractometer measure-
ments. It was found that the a-Fe,O5 reacted with SrCO; to form SrFeO, 4, with cubic structure
as the mixture was sintered above 750 °C firstly and then the SrFeO,q, reacted with a-Fe,O4
to form SrFe;,044 in a sintering temperature ranging from 750 to 960 °C. However, the a-Fe,O4
reacted with SrCO; to form Sr-containing Fe;O, with spinel structure when the mixture was milled
for 120 h, while the SrFe;,0,4 was obtained by annealing the Sr-containing Fe;O, at 700-1000 °C.
The magnetic properties of the SrFe,,0,4 produced by the two kinds of procedures were reached.
The saturation magnetization and the coercivity of the SrFe,,O,q fabricated by ball milling fol-
lowed by heat treatment were 60.65 emu/g and 5481.1 G, respectively, which were much larger
than those of the SrFe;,0,4 produced by the other procedure. The mechanism leading to that the
SrFe;,044 produced by the different methods had different magnetic properties was discussed in

the present work.
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1. INTRODUCTION
Hexagonal ferrites MFe,0,, (M = Ba, Sr, Pb), with
a magnetoplumbite structure type are widely used for
technological applications. In particular, strontium hexa-
ferrites, due to the magnetic properties of strontium hex-
aferrite is much larger than other hexagonal ferrites, are
used for their hard magnetic properties. It can also be
found that there are a wide range of applications in mag-
netic recording media, electronic devices, medicine and
magneto-optical recording.'™®

Doping engineering is widely used to tailor the band
structures of bulk and nanoscale materials, promising
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and facilitating the construction of various multifunc-
tional materials and devices.”?® To date, many studies in
this field have focused on improving magnetic properties
of strontium hexaferrite by variety of synthesis methods
and doping elements. Such as: Zn—Sn substituted stron-
tium hexaferrite is prepared by sol-gel method,?’” Nd and
Co substituted strontium hexaferrite is prepared by self-
combustion method,?® Zr—Cd substituted is synthesized by
the chemical co-precipitation technique,® and so on. How-
ever, these substitutions can cause the intrinsic coerciv-
ity to decrease effectively but at the expense of decrease
in saturation magnetization. Therefore, the cationic substi-
tutions are not a suitable way to alter magnetic proper-
ties of strontium hexaferrite. And then, the formation of
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strontium hexaferrite all undergoes the intermediate phase
in the variety of synthesis processes. Whereas the inter-
mediate phase transformation is often overlooked in the
formation of strontium hexaferrite process. In fact, the dif-
ferent intermediate phase transformation will have a great
impact on the magnetic properties of strontium hexaferrite
during the formation of strontium hexaferrite.?

Mechanochemistry is concerned with chemical transfor-
mations induced by mechanical means, such as compres-
sion, shear, or friction. Unintentional chemical reactions
accompany many forms of mechanical action, like grind-
ing, sliding, or plastic deformation, while the deliberate
application of mechanical energy, typically by means of
high-energy ball milling, provides a method to prepare
useful new materials and to improve the efficiency of
complex processes.’*** However, the reports on preparing
strontium hexaferrite using mechanochemical technology
are not many. In fact, the different preparation methods
and intermediate phase transformation will have a great
impact on the magnetic properties of strontium hexaferrite
during the formation of strontium hexaferrite.?

The conventional sinter method and the mechanical
alloy method are two common methods of preparing stron-
tium hexaferrite. In this work, the two methods are used to
synthesize strontium hexaferrite. The purpose is to reveal
that the intermediate phase transformations of two kinds
of procedures are different in the formation of strontium
hexaferrite process and the different phase transformation
have a great influence on the magnetic properties of stron-
tium hexaferrite in the aspects of equilibrium condition
and non-equilibrium condition.

2. EXPERIMENTAL PROCEDURES

A mixture of 99% pure nonmagnetic a-Fe,O; and SrCO,
powders were used as starting materials for produc-
tion of SrFe,,O,, by conventional sinter method and
mechanochemical reaction in a high-energy ball milling.
The molar ratio of a-Fe,O; to SrCO; was 3:1 in the
mixture. In the conventional sinter process, the mixture
was sintered from room temperature to 1000 °C. In the
mechanochemical reaction process, the mixture was milled
in a mill firstly and annealed under ordinary pressure ambi-
ent in a temperature ranging from room temperature to
1000 °C. A stainless vial filled with stainless balls having
diameter of 5-15 mm was used as the milling medium.
The mass of the mixture was 7 g and the balls-to-powder
mass ratio was 15:1. The mixture was milled under air
ambient without any additives (dry milling). These sam-
ples were pressed into disk (under pressure of 0.2 GPa)
and sintered for 2 h in air atmosphere in a temperature
ranging from 700 to 1000 °C.

The structure of the samples was characterized by using
a Rigaku-D-Max X-ray diffractometer (XRD) with Cuy,
radiation (A = 1.5418 A). The thermal behaviors of the
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samples were examined by thermogravimetric and differ-
ential scanning calorimeter (TG/DTA, STA 449C, Net-
zsch) in a temperature ranging from room temperature to
1000 °C with a heating rate of 10 °C/min. Measurement of
magnetic properties were performed in a vibrating sample
magnetometer (VSM) at room temperature with a maxi-
mum applied field of 1100 kA/m. (Lake Shore 7410 vibrat-
ing sample magnetometer).

3. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD patterns of the mixture of
a-Fe,0; and SrCO; powders with molar ratio of 3:1, indi-
cating that the mixture consists of a-Fe,O; and SrCO,
with rhombohedra and orthorhombic structure, respec-
tively. Using the mixture as starting material, we try to fab-
ricate strontium hexaferrite (SrFe,,O,9) by conventional
sinter method. In order to understand the mechanism of
formation of the SrFe;,0,y, a TG curve for the mixture
powders was measured in a temperature ranging from
room temperature to 1000 °C, as shown in solid line in
Figure 2(a). In order to better understand the sintering
reaction process of the mixture by the TG curve, the curve
is differentiated, and the differential result is also shown
by dot line in Figure 2(a). As AB segment of the curve
in Figure 2(a) shows, the mass of the mixture decreases
slowly with increasing temperature between room temper-
ature and 300 °C, while the mass of the mixture has no
change in a temperature ranging from 300 to 750 °C, as
shown in BC segment. The former is due to the release
of gas and the vapor absorbed on the surface of the mix-
ture, and the latter implies there is no chemical reaction
between a-Fe,0; and SrCO;. However, when the tempera-
ture exceeds 750 °C, the TG curve begins to decrease non-
linearly till the temperature up to about 960 °C, as shown
in CD segment of the curve, implying that a chemical
reaction may occur. In order to demonstrate this reaction,
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Fig. 1. XRD patterns for conventional sinter route (a) and 120 h

ball-milled SrCO;+3Fe,0, (b) powders: (V) a-Fe,O5; (o) SrCO;;
(#) Sr-Fe,0,.
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Fig. 2. TG curves of precursor powders which were prepared by con-
ventional sinter route (a) and high energy ball milling in air: solid shows
the TG curve; blue dot line shows differential line of TG curve samples.

the mixture is sintered for 2 h at 800 °C in air ambi-
ent. Figure 3(a) shows the XRD pattern of the sintered
mixture. It is found that the intensity of diffraction peaks
of SrCO; decreases greatly, meanwhile, some additional
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Fig. 3. The XRD diffraction patterns of precursor powders which were
prepared by conventional sinter route sintered for 2 h at 800 °C (a) and
ball milling sintered for 2 h at 700 °C (b): (V) a-Fe,0,; (o) SrCO;;
(#) Sr-Fe,O,; (M) SrFeO, ,,; (A) StFe,0,,.
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diffraction peaks are observed in the XRD profile besides
the diffraction peaks of a-Fe,O,. These additional peaks
are demonstrated to be the diffractions of SrFeO,,,; with
cubic structure. This implies that the a-Fe,0O; reacts with
SrCO; to form SrFeO, 4, with cubic structure as they are
sintered at 800 °C in air ambient, accompanied by release
of CO,. The reaction can be expressed as follows:

SrCO; + a — Fe, 05 — SrFeO, ¢; +CO, 1

The dot line in Figure 2(a) indicates that variation
rate of TG curve fraction with temperature changing in
CDE segment, which implies that some additional chem-
ical reaction may occur in the segment besides the reac-
tion between a-Fe,O; and SrCO;. In order to understand
the additional reaction, the mixture is sintered for 2 h at
1000 °C, and measured by XRD, as shown in Figure 4 (a).
In comparison with the Figure 3(a), the intensity of diffrac-
tion peaks of the SrFeO,,, decreases greatly and the
diffraction peaks of the a-Fe,O; are not almost observed
in Figure 4(a), meanwhile, the diffraction peaks of stron-
tium hexaferrite are observed and become dominant, while
the diffraction peaks of the a-Fe, O, completely disappear.
The results of Figures 3(a) and 4(a) indicate that the mix-
ture sintered at 1000 °C mainly consists of SrFe ,0,, and
a small amount of SrFeO, ;. The SrFe,0,y is formed by
following reaction process:

SrFeO, ¢; + a—Fe,0; — SrFe,,0,

Based on the above discussion, the formation of the
SrFe,,0,, can be deduced as follows: firstly, the a-Fe,O;
reacts with SrCO; to form SrFeO,y; when the sintering
temperature is above 750 °C, and then the SrFeO, ; begins
to react with a-Fe,O5 to form SrFe,,0,y as the sintering
temperature is higher than 900 °C, this reaction completes
at about 960 °C. Since no reaction occurs above 960 °C,
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Fig. 4. The XRD diffraction patterns of SrFe,0,, prepared by con-
ventional sinter route (a) and ball milling (b) for 2 h at 1000 °C:
(M) SrFeO, ,,; (A) StFe,0,,.
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the TG curve fraction also does not change, as shown in
DE segment in Figure 2(a).

The mixture of the SrCO; and a-Fe,O; powders as
the starting materials is milled for 120 h. Expressly after
ball milling for 120 h, the mixture is completely dif-
ferent from the starting materials, the color of mixture
changes slowly from red to black. Figure 1(b) shows the
XRD diffraction pattern of the mixture milled for 120 h,
indicating that the diffraction peaks of the SrCO, and
a-Fe, 05 disappear completely, while some strong diffrac-
tion peaks belonging to the Sr-containing Fe;O, with
spinel structure are observed. That implies that some «-
Fe, 05 react with SrCOj; to form Sr-containing Fe;O, with
spinel structure. The 120 h-milled mixture consists of a
single Sr-containing Fe;O, phase.

Now we try to fabricate the strontium hexaferrite by
sintering the 120 h-milled mixture. In order to understand
the mechanism of formation of the SrFe,,O,, in the sin-
tering process, a TG curve for the 120 h-milled mixture
is measured in a temperature ranging from room temper-
ature to 1000 °C, as shown in solid line in Figure 2(b).
In order to better understand the sintering reaction pro-
cess of the 120 h-milled mixture by the TG curve, the
curve is differentiated, and the differential result is also
shown by dot line in Figure 2(b). Being different from the
TG curve (a), the TG curve (b) keeps on decreasing in
the whole temperature coverage. In the TG profiles, three
weight losses in a temperature ranging from room temper-
ature to 800 °C are observed in the TG curve. As ABC
segment of the curve in Figure 2(b) shows, the TG curve
of 120 h-milled sample decreases sharply with increasing
temperature in a temperature ranging from room temper-
ature to around 200 °C and then in the other temperature
between 200 and 400 °C. The contraction in AB segment
is due to the evaporation of adsorbed vapor, while the con-
traction in BC segment is attributed to the evaporation of
absorbed gases. When the temperature exceeds 500 °C, the
TG curve begins to decrease quickly till the temperature up
to 800 °C, as shown in DE segment of the curve, implying
that a chemical reaction may occur. In order to understand
this reaction , the 120 h-milled sample is pressed into disk
and sintered for 2 h at 700 °C in air ambient. Figure 3(b)
shows the XRD diffraction patterns of the 120 h-milled
sample sintered. It is found that the diffraction peaks of Sr-
containing Fe;O, phase with spinel structure almost disap-
pear, while the diffraction peaks of a-Fe,0O and SrFe,,0,,
phases are observed, comparing with SrFe ,0,, prepared
by conventional sinter method, where the synthesis tem-
perature SrFe,0,, phases occurs at 960 °C, as shown in
Figure 2(a).

The dot line in Figure 2(b) indicates that variation rate
of the TG curve with temperature has obvious change in
DE segment of the TG curve, which implies that a chemi-
cal reaction may occur in the segment. In order to further
understand the chemical reaction, the 120 h-milled mix-
ture is sintered for 2 h at 1000 °C in air ambient, its XRD
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pattern is shown in Figure 4(b). In comparison with the
Figure 3(b), the intensity of diffraction peaks of SrFe,,0,,
increases greatly and the diffraction peaks of a-Fe,O; and
Sr-containing Fe;O, disappear completely, no diffraction
peaks of other phase can be observed. We suppose that the
chemical reaction can be expressed as follow:

2Sr 4 8Fe;0, + 30, t— 2SrFe|,0y

The release of the O, leads to decrease in weight, in
agreement with the TG curve of weight loss in Figure 2(b).
Based on the above discussion, the formation of SrFe;,0,,
can be deduced as follows: Firstly, the Sr-containing Fe;O,
is fabricated by mechanochemical reaction of a-Fe,O; and
SrCO;, and then the Sr-containing Fe;O, transforms into
SrFe,,0,, phase when it is sintered at the temperatures of
500-800 °C. With increasing temperature, the content of
a-Fe,0; decreases gradually, the content of the SrFe,0,,
turns to be much more and more compact so that the sin-
tering curve decreases from the beginning of 800 up to
1000 °C, so the TG fraction continues to slightly decrease,
as shown in EF segment in Figure 2(b).

The hysteresis loops of two selected samples which are
fabricated by sintering the mixture of a-Fe,O; and BaCO,
(loop A) and the 120 h-milled mixture (loop B) for 2 h at
1000 °C, are shown in Figure 5. From the VSM experi-
ments, the magnetic parameters such as saturation magne-
tization (M), coercivity (H.) and remnant magnetization
(M,) are given in Table I.

From the Table I, it is clearly seen that two experi-
ment samples have similar value of saturation magnetiza-
tion and remnant magnetization of SrFe,0,, which was
fabricated by sintering 120 h-milled mixture and conven-
tional sinter method, respectively. However, the coercivity
of SrFe,,0,, fabricated by sintering 120 h-milled mixture
is much larger than the other SrFe ,O,, sample produced
by conventional sinter method. Moreover, the coercivity
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Fig. 5. Hysteresis loops of the precursor powders which were pre-
pared by conventional sinter route (a) (loop A: red curve) and ball
milling (b) (loop B: green curve) for 2 h at 1000 °C.
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Table I. Magnetic properties of SrFe,,O,, by sintering two starting
materials.
Saturation Remnant
magnetization magnetization Coercivity
(emug) (emug) (©)

Hysteresis loop A 61.14 32.60 39324
Hysteresis loop B 60.65 32.32 5481.1

of SrFe,,0,y fabricated by sintering 120 h-milled mix-
ture is better than the coercivity of SrFe ,O,y in the lit-
erature reported previously.! Generally, the coercivity of
SrFe,,0,, is related to purity, grain size, pinning and so on.
The apparent grain size of samples is estimated by analyz-
ing the X-ray diffraction peak broadening, using Scherrer’s
equation: (D) = 0.89A/B, , cos 0, here (D) is the average
particle size, A is the wavelength of the incident X-ray,
6 is the corresponding Bragg angle and 3, ), is the full-
width at half-maximum (FWHM) of the XRD peak. The
result shows that the grain sizes of SrFe ,0,, prepared
by the two kinds of techniques are similar to each other,
30.01 nm (Fig. 4(a)) and 30.91 nm (Fig. 4(b)) respec-
tively, which indicating that the grain size is not the major
influencing factor of the different coercivity of strontium
hexaferrite. As can be seen from Figure 4, according to
the comparison with the SrFe ,0,y, of ICCD card No. 84-
1531 and the change of relative intensity and position of
diffraction peaks,’6?® the sample produced by sintering
120 h-milled mixture consists of single SrFe;,O,, phase,
while the sample produced by conventional sinter method
consists of SrFe,,0,y and a small amount of SrFeO, y; in
the same sintering conditions (2 h at 1000 °C). The result
indicates that the purity is also a influencing factor of the
different coercivity of SrFe;,O,,. It is well known that the
coercivity of SrFe ,O,, origin from magneto-crystalline
anisotropy, and the Sr ion alternate O ion in the structure
of SrFe;,0,,, which result in enhancement of magneto-
crystalline anisotropy and improvement of the coercivity.
Due to the relative excess of Sr atom, it will inevitably
lead to an increase content of Sr ion in the strontium hex-
aferrite. Obviously, the coercivity of SrFe,,0,, produced
by sintering 120 h-milled mixture is much larger than the
other one fabricated by conventional sinter method. How-
ever, because of there is a small amount of SrFeO, y; in
the SrFe,,0,, fabricated by conventional sinter method,
the pinning of effect of SrFeO, 4, is considered carefully.

In the conventional sinter procedures SrFeQ,,, reacts
with «a-Fe,O; to form SrFe,0,, finally, while in the
sintering 120 h-milled mixture process, the SrFe,0,, is
obtained by annealing the Sr-containing Fe;O,. The inter-
mediate phase is completely different. Besides, the ball
milling process is a non-equilibrium process, the ball
milling process creates defects which lead to the amor-
phization of the crystal structure, and improvement of the
magnetic properties after annealing is due to the release
of stress and the recovery from the defective structure,

Nanosci. Nanotechnol. Lett. 9, 567-572, 2017

in agreement with the results of some literature reported
previously.*

4. CONCLUSION

SrFe,,0,, was fabricated by two kinds of procedures,
respectively:

1. sintering mixture of a-Fe,O; and SrCOs;,

2. ball milling of the mixture followed by heat
treatment.

The formation mechanism of the SrFe,,0,, was differ-
ent in the two kinds of procedures. In the first procedure,
the a-Fe,O; reacted with SrCO; to form an intermediate
phase of SrFeO, o, firstly, and then the SrFeO, o, reacted
with a-Fe,0, to form SrFe,0,, in a sintering tempera-
ture ranging from 770 to 960 °C. In the second procedure,
the a-Fe,O; reacted with SrCO; to form Sr-containing
Fe;O, with spinel structure when the mixture was milled
for 120 h, the SrFe,,0,, was obtained by annealing the
Sr-containing Fe;O, at 700-1000 °C. The saturation mag-
netization and the coercivity of the SrFe,,0,, fabricated
by the second procedure were 60.65 emu/g and 5481.1 G,
respectively. The coercivity of the SrFe,,0,, fabricated by
the second procedure was larger than that of the SrFe,0q
produced by the other procedure, which was not related
to grain size and phase composition but seems to be the
defects in the sample.
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