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Abstract
Results of investigation of grain exchange interaction effects on the magnetic properties
of strontium hexaferrite (SrO.6Fe2O3) based samples are reported. The investigation
was subject to the evaluation of magnetic properties of three samples prepared in
three different routes. Sample A was prepared through the refinement of mechanically
alloyed powders. Sample B was obtained from the mechanically alloyed of sample
A and subsequently irradiated ultrasonically. Whereas the sample C was obtained
through mechanically alloyed powder of sample A with the addition of 15% poly vinyl
alcohol (PVA) as the non-magnetic binding agent. Subject to phase identification and
evaluation of x-ray diffraction data for sample A and B, it was found that both samples
are fully crystalline single-phase materials with mean crystallite size respectively 25
nm and 13 nm. Both samples have indicated a high value of M𝑟/M𝑠 ratio subject to
evaluation based on comparison between the mean crystallite size and the exchange
length values. Additionally, M𝑟/M𝑠 value was calculated from the M𝑟 of a minor loop
and M𝑠 of theoretical value which resulted in a ratio about 0.5. The addition of a
non-magnetic binder in the SHF sample reduces the coercivity significantly due to
magnetostatics effect and remanence due to less mass fraction of magnetic phase in
the sample.

Keywords: Magnetic properties; hard ferrite; nanocrystalline; grain exchange
interaction; permanent magnets.

1. Introduction

Strontium hexaferrite with the chemical formula SrO.6Fe2O3 is well known hard mag-
netic phase for permanent magnets [1], which still dominate the application in various
sectors like electric and electronics, telecommunication, magnetic recording media,
and microwave devices [2]. The SHF combines several physical characteristics like
high values of magnetocrystalline constant (K = 3.6 x 106 erg.cm−3 MJ/m3), saturation
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magnetization ( J𝑠 = 70 emu/g T) [3], curie temperature (T𝑐 = 737 ∘K/463 ∘C) [4, 5] which
are mostly required for permanent pagebreak magnets. The SHF is a ceramic based
compound with excellent chemical stability and high corrosion resistance making SHF
most suitable for permanent magnets. In addition, the raw material components for SHF
like Fe and Sr are those abundantly available on earth has lead the SHF as the cheap
and low costs magnets.

Generally, SHF is prepared by conventional powder metallurgy or sintering method
[6, 7] which involves mixing iron oxide (Fe2O3), strontium carbonate (SrCO3) and addi-
tives. After mixing and pelletizing, the sintering is applied at temperature 1373 K –
1573 K [8, 9] to facilitate the solid state reaction toward the hard magnetic phase
formation [10]. Several non-conventional techniques, i.e. sol gel [11], citrate-gel process
[12], co-precipitation [13], self-flash combustion [14], and mechano chemical process [15],
injection molding [16] have also been developed in various laboratories to prepare
the SHF and improve the magnetic properties. However, among the all processes
developed in the laboratory scale, the conventional powder metallurgy has been used
for commercial production.

The magnetic properties of permanent magnets is microstructure sensitive for which
the grain or crystallite size, crystal shape and phase existence determines the coercivity,
remanence and maximum energy product, (BH)𝑚𝑎𝑥 [17]. The high coercivity can be
obtained if the mean crystallite size within the size of single domain particle [18]. The
size of single domain particle of SHF based on theoretical calculation is 0.74 µm ∼ 740
nm [19]. Hence, the mean crystallite size of SHF should be controlled during wet or dry
milling to obtain powder of narrow particle size distribution. The mean crystallite size
of SHF should be in the range 700 nm – 900 nm, and the crystallite growth during
sintering for densification has to be avoided for achieving good magnetic properties.
When the crystallite size of magnetic materials is much smaller than that of single
domain particle size, effect of grain exchange interaction can take place [20]. However,
when the crystallite size is extremely small, effect of superparamagnetic can take
place [18]. Several authors have reported that the grain exchange interaction affected
the remanence and coercivity [21]. The remanence is enhanced with the expense of
coercivity [22]. It was also shown that the effect of exchange coupling between grains
increased due to the existence of amorphous grain boundary [23]. The existence of
nonmagnetic grain boundary phase reduces the exchange-coupling interaction and
decreases remanence and coercivity. Remanence enhancement is due to magnetic
moments interaction of adjacent grain as long as the exchange length is relatively long
to contribute the increase in surface to volume ratio of bulk magnets. The coercivity
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of exchanged grains is influenced by density of grain boundary, which results from the
variations of magneto crystalline anisotropy constant, K1. Theoretically, the anisotropy
constant at exchange grain interaction areas is reduced to K1/ N1/2, where N is the
average number of neighbor grains. While, the anisotropy constant of the inner part of
the grains still unchanged. Both of them regard the anisotropy of the coupled part of
the grain as a fixed constant smaller than K1 [24]. The strength of the grain interaction
in magnetic materials can be analyzed by measuring the remanence ratio.

In this study, we carried out the investigation on the effect of grain interaction
effect to the magnetic properties of SHF based magnets by means of experimental
simulation. The single domain particle of the sample is prepared by mechanical alloy
and subsequent ultrasonic irradiation of high frequency. The ultrasonic treated SHF
particles are decoupling through the addition 15% of Poli Vinyl Alcohol (PVA) so that
inter-grain interactions are blocked. The effect of grain interactions on their magnetic
properties with no exchange grain interaction is compared.

2. Experimental Method

The experiment procedures in this research are devided in three stages; shyntesize
SHF by mechanical alloying, ultrasonic, and preparation of bonded SHF with addition
15% PVA.

2.1. Stage 1: Preparation of SHF samples

The stoichiometric amounts of Fe2O3 and SrCO3 precursors with a purity level greater
than 99 % were mixed in vials containing hardened stainless-steel balls of a planetary
ball milling apparatus. The mass ratio between precursors and the ball was fixed 1:10.
The ball-milling process was carried out in alcohol dispersion media under a rotating
speed of 1500 rpm for 6 hours. The mechanically alloyed powders were dried and
compacted in a cylindrical die subject to a uniaxial pressure of 75 kg/cm2. The green
compact was subsequently calcined at a temperature 1200 ∘C for 3 hours lead to fully
crystalline samples. The crystalline sample was then re-milled together with SiO2 and
CaO additives for 16 hrs. 3.5 grams of fine crystalline powders were compacted at a
load of 5 tons by a hydraulic press machine in a round shape, and then were sintered at
a temperature 1250 ∘C for 1 hour. Sample that prepared from this stage is called sample
A. Other powders will be a feedstock of ultrasonic irradiation treatment.
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2.2. Stage 2: Preparation of crystalline SHF powder subject to
ultrasonic irradiation treatment

SHF powders were poured into 300 ml distillate water together with 3 drops of ethylene
glycol in a beaker glass. A schematic of ultra-sonification set up is illustrated schemati-
cally in Fig. 1.

Figure 1: A schematic of sonification set-up, legends; 1. sonicator of 20 kHz frequency; 2. ultrasonic horn;
3. Beaker glass; 4. Crystalline magnet powder in dispersed media and 5. compressor.

The ultrasonic irradiation process lasted for 10 hours under the following operating
condition: the horn amplitude was 50 dB with a pulse on for 10 sec and pulse off for
5 sec at a 20 kHz automatic frequency tuning. The total energy consumed was ∼5 kJ.
The temperature of the reaction process was monitored using by a digital temperature
probe control. The sonicator used is Qsonica Q 700 with a 12 mm probe diameter.
Magnetic powders obtained after ultrasonic irradiation treatment were dried and then
compacted and sintered. Sample that prepared in this stage is sample B.

2.3. Stage 3: Preparation of bonded SHF samples

15% of binder PVA were disolved in distillate water and mixed with calcined SHF
powders. Both ingredients were then stirred until well blended, then the mixtures were
dried. The dried powder was then compacted under a load of 5 tons and cured at a
temperature 250∘ C for 1 hour. Sample that prepared from this stage is called sample
C.
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2.4. Samples characterization

Crystalline powder of SHF were analyzed by a Bruker D8 series x-ray diffractometer
(XRD) using Cu Kα (λ= 1.5418 Å) radiation in 2θ ranging from 20∘ to 70∘. The microstruc-
ture of the fracture surface of each sample was observed under a JEOL-JSM IT-300
scanning electron microscope (SEM). The magnetic properties were evaluated by a
Magnet Physik Permagraph. Determination of mean crystallite size was evaluated from
Williamson-Hall plot (W-H plot) [25]. All un-overlapping peaks of high diffraction angle
were taken into account for a W-H plot.

3. Results and Discussion

3.1. Phase study and mean crystallite size determintaion

Figure 2: XRD curve of SrO.6Fe2O3 synthesized by mecahnical milling method.

Fig. 2 shows a plot of x-ray diffraction pattern of a sample A and that of samples
B in Fig. 3. All diffraction peaks of XRD patterns in the two figures were successfully
identified and indexed as the phase constitution sample materials. The patterns in Fig.
2 and 3 are in a good agreement with the hexagonal structure of M-type SrO.6Fe2O3

referred to ICSD Ref. code. 98-004-3603 (PANalytical‘ X‘Pert HighScore Report). It is
confirmed that both samples A and B is a single-phase material with SrO.6Fe2O3 the
only phase present.

The mean crystallite size which evaluated from the W-H plots of the two samples
has resulted in sizes of 25 nm for sample A and 13 nm for sample B. Hence, the
two samples consisted of nanocrystalline grains with only slightly different in mean
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Figure 3: XRD curve of SrO.6Fe2O3 synthesized by ultrasonic process.

crystallite size. The ultrasonic treatment has succeeded reducing the mean crystallite
size of mechanically alloyed powder. When the ultrasonic irradiation is long enough, the
monocrystalline particles could be obtained [26]. Palomino has reported that monocrys-
talline particles of SHF can be obtained after ultrasonic irradiation process for 1 hour [27].
It is worthy to note that sintering at a high temperature for samples A and B, the mean
crystallite size is remaining small still fall in the nanometer regime. Hence, there has been
no crystallites growth taken place in both samples due to high temperature sintering
treatment. Samples of magnetic crystals with such ultra-fine size in the nanometer
regime must be undergo grain exchange interaction effects. For SHF, the exchange
length is 40 nm [28] which larger than that of mean diameter of magnetic crystals in the
sample A and sample B.

3.2. Microstructures observation

Micrograph that shown in Fig. 4 represents the fracture surface of (a) sample A, (b)
sample B and (c) sample C. The image shows in Fig. 4a and 4b are clusters of crystallite
instead of the crystallites itself since the crystallite size referring to results of W-H plots
is much finer than those visually seen in micrographs of Fig. 4. Visually, micrograph that
showed in Fig. 4b is much compact and clusters appear much more crowded when
compared with that of shown in Fig. 4a. Effect of ultrasonic treatment to the crystalline
powder has improved the connectivity among the clusters. Referring to mass density
evaluation, the density of samples A and B is respectively 4.73 gr/cc and 5.00 gr/cc.
Hence, better cluster connectivity was obtained after ultrasonic treatment. In contrary,
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the micrograph in Fig. 4c appears in a very much different morphology in which grains
and clusters of grain are already coated by a binder material. The magnetic clusters
must be already separated by a nonmagnetic binder. Which such microstructure there
is no grain exchange interaction effects might have occurred effectively in the sample
C.

(a) (b) (c) 

Figure 4: SEM images of SrO.6Fe2O3 (a) sample A by mechanical alloying method (b) sample B by ultrasonic
process, and (c)sample C with PVA 15%.

Sample C does not show a clear grain of magnetic material because the PVA content
covers the grain boundaries of each material. This condition causes an incomplete grain
exchange interactions in sample C. The explanation of the occurrence of interactions
at the grain boundary and which did not occur in Fig. 4 is illustrated in Fig. 5 (a) and 5
(b).

 

(a)  (b) 

Figure 5: Grain Boundaries of SrO.6Fe2O3 (a) without PVA (b) with PVA 15%.

When two grains of magnetic material are in direct contact each with other, the
magnetic moment on the grain surface with different orientations will produce the
exchange coupling interaction that aligns direction of the magnetic moment on the
grain surface continuously. The magnetic moment becomes parallel, so remanence
magnetization increases. The results of this research show that when adding non-
magnetic material (PVA) the interaction of grain changes will not occur. Magnetic
properties decrease because interactions between grain are blocked by non-magnetic
material. This is to prove that if an interaction occurs then the magnetic properties
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will increase. beside that, coupling exchange interaction in magnetic materials are also
influenced by grain size. If the grain size is reduced to a nanometer, the magnetic
properties will obviously change. The changes in the magnetic properties of the three
samples will be discussed in the analysis of magnetic properties.

3.3. Magnetic properties

Fig. 6 compares the (M-H) loops for samples A, B and C. Some magnetic properties
derived from the M-H loops were summarized in Table 1. The term “magnetization
at maximum field, M” implies that the quoted value is the magnetization value at a
magnetizing field 12 kOe. The quoted M value in Table 1 must be very much lower than
the saturation magnetization, M𝑠 value of SHF 74.3 emu/gr [29]. The M-H loop of sample
A and B looks similar with values of remanence and coercivity for the two samples
almost identical. The M𝑟/M𝑠 ratio of SHF listed in Table 1 was calculated subject to the
theoretical M𝑠 value of SHF. The fact that the M𝑟/M𝑠 for SHF samples do not exceed the
theoretical limit of 0.5 for non-interacting, randomly oriented unaxial easy axis particles
[30]. Hence, there is no grain interacting effect occurred in samples A and B. However,
consider that the mean crystallite size of sample A and B is respectively 25 nm and 13
nm, which both values less than the exchange length of SHF 40 nm, then the effect of
grain exchange interaction [31] must be taken place in the SHF samples. The current
M𝑟/M𝑠 value of < 0.5 for SHF samples might indicate that (M-H) loops as plotted in Fig.
6 for samples A and B represent the minor loops. In addition, the mass density of the
two samples as listed in Table 1 is still lower than 5 g/cc the theoretical mass density
of SHF [32]. It is believed that with such M𝑟/M𝑠 ratio values that evaluated from M𝑟 of
a minor loop and theoretical M𝑠 value for SHF, the exchange interaction effects took
place in the samples A and B.

The (M-H) loop of sample C has a loop with coercivity and remanence values are
respectively low when compared with those samples A and B. Obviously, the low
remanence value of sample C is associated with a low mass density value due to the
presence of a non-magnetic binder in the sample. With 15 % mass fraction of the non-
magnetic binder of the sample, only 85 % the mass of the sample in the whole volume
contributes to themagnetization. Consequently, theM𝑟/M𝑠 value for bonded SHF sample
is only 0.29. The low coercivity value of sample C might be due to magnetostatics effect
arising from the presence of significant number of non-magnetic material inside.

DOI 10.18502/keg.v1i2.4447 Page 230



 
ICBSA 2018

Figure 6: The (M-H) loops of samples A, B and C.

Table 1: Magnetic properties and massdensity SHF samples.

Sample Magnetization
at a maximum
field M (emu/g)

Magnetization
remanence 𝑀𝑟

(emu/g)

Coercive field
H𝑐 (kOe)

M𝑟/M𝑠 ratio Mass density ρ
(g/cc)

A 57.231 36.190 3.497 0.49 4.70

B 57.325 36.146 3.704 0.49 5.00

C 29.045 21.528 1.667 0.29 2.33

4. Conclusion

Investigation on the effect of grain exchange interaction in the SHF sample has been
made by comparing the magnetic properties derived from the hysteresis loops. SHF
sample of mechanically alloyed has mean crystallite size 25 nm. While mean crystallite
size of 13 nm was obtained in the sample prepared through mechanical alloying com-
bined with ultrasonic irradiation. Both samples have indicated a high value of M𝑟/M𝑠

ratio subject to evaluation based on comparison between mean crystallite size and
the exchange length values. Additionally, M𝑟/M𝑠 value was calculated from the M𝑟 of a
minor loop and M𝑠 of theoretical value which resulted in a ratio about 0.5. The addition
of non-magnetic binder in the SHF sample reduces the coercivity significantly due to
magnetostatics effect and remanence due to less mass fraction of magnetic phase in
the sample.
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