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Abstract: Enhanced hard magnetic properties were achieved in M-type hexaferrite by optimizing
the substitution levels of Mn, Al, and Si for Fe, and Ca for Sr within SrFe;,Oq9. The addition of
Al-Si-Mn effectively controlled crystallite growth, resulting in an increased coercivity (Hc), while
causing a decrease in the remanent magnetization (4tM;). A higher Ca content exhibited a trend
of increasing the sintered density but decreasing the 4nM; and Hc. The optimized composition,
considering both the 4nM; and H¢, was determined to be Sry gCagpFe192Mng 1Al 2Sig 10194, with
a sintered density of 4.84 g/ cm3, 4nM; = 2.22 kG, and Hc = 5.10 kOe. This result demonstrates the
achievement of isotropic magnets with controlled crystal growth and densification without additional
sintering additives. This development is promising, as this enhancement could be achieved without
the use of cobalt, an expensive but essential ingredient in high-performance permanent magnets.

Keywords: M-type hexaferrites; cation substitution; coercivity; saturation magnetization; permanent
magnet

1. Introduction

M-type hexaferrites (M-hexaferrites) with the chemical formula (Ba,Sr)Fe;,019 are
utilized as permanent magnet materials due to their strong c axis magnetocrystalline
anisotropy (MCA) and sufficient saturation magnetization (Mg) [1,2]. Ferrite magnets
are widely employed in various applications such as automotive, household appliances,
and industrial equipment, including motors, compressors, transformers, and speakers,
owing to their ease of fabrication under atmospheric conditions, excellent chemical stability,
and cost-effectiveness. Ferrite magnets account for approximately 85% of the total mass
of permanent magnets used worldwide [3], underscoring the economic and industrial
significance of developing the advanced characteristics of M-hexaferrites.

Research efforts have been extensively conducted to enhance intrinsic magnetic prop-
erties, such as Mg and MCA, by substituting various ions in SrFe;,019 or BaFe1,019 [2,4-25].
In some cases, the selective substitution of non-magnetic elements like Zn for Fe’s down-
spin sites has led to an improved Mg in M-hexaferrites [4-8]. However, this has also resulted
in a decrease in the MCA, leading to a reduction coercivity (Hc), and these materials have
not been widely adopted as high-performance permanent magnets. On the other hand,
M-hexaferrites with the simultaneous substitution of La-Co have been developed and used
as high-performance permanent magnets [9-14]. In these cases, the substitution does not
decrease the Mg while significantly increasing the MCA. An intriguing observation here is
that when La3*-Co?* ions are simultaneously substituted for Sr?*-Fe3* ions in SrFe;,019,
the MCA of M-hexaferrite significantly increases without a significant reduction in the Ms.
However, when La or Co is substituted individually, such a remarkable improvement in
characteristics cannot be achieved. Furthermore, when Co?*-Ti** ions are substituted simul-
taneously for Fe?* ions, there is an opposite trend, where MCA decreases as the substitution
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level increases [26], in contrast to the substitution with La3*-Co?*. Therefore, research has
extensively focused on the combinations of various substituting elements to enhance mag-
netic characteristics. Despite numerous studies, manufacturing high-performance ferrite
magnets has remained challenging, and more effective results than the substitution of
La3*-Co?* have not been achieved. Since the cost of Co is significantly higher than that
of other elements, developing cation substitution compositions that reduce or completely
eliminate the need for Co is of paramount importance.

Recent advances in the field of hard magnetic materials have shown significant im-
provements in hexaferrite nanomagnets prepared using sol-gel-based methods [12,27,28].
These studies have demonstrated the attainment of a substantial Hc exceeding 6 kOe,
primarily due to the nanocrystallization of hexaferrite grains. It is well-established that
the coercivity of a single grain (hc) increases as its size decreases, reaching the upper limit
defined by the critical grain diameter for a single domain (d,;). This phenomenon exhibits
a reciprocal dependence on the grain size (d), expressed by the following equation [29]:

hC = dcri/dl.o8 (1)

However, when considering the practical application of sintered magnets, a method
capable of mass production through solid-state reaction processes becomes imperative, as
opposed to chemical synthesis methods like those of sol-gels.

Even when the magnetic properties of M-hexaferrite, such as the Mg and MCA,
are improved through cation substitution during the calcination powder stage, these
properties often deteriorate again due to the influence of sintering additives during the
sintering process. Therefore, it is crucial to develop cation substitution compositions while
considering the impact of sintering additives. Commonly used sintering additives, such
as Si0O,, play a significant role in controlling crystalline grain growth. However, during
high-temperature sintering, Si can infiltrate the M-hexaferrite lattice, leading to a tendency
to reduce magnetic properties like Mg [13,22]. Additionally, sintering additives like CaO
and CaCOj3 promote grain growth and densification during sintering and can also affect
the magnetic properties of M-hexaferrites when substituting for Sr or Fe sites [7,16,21-23].

In this study, our objective was to develop sintered magnets with improved magnetic
properties, all while avoiding the use of sintering additives. To achieve this, we designed
compositions such as SrggCaprFeqr_3xMnyAlSixOq9_4, which incorporate essential ele-
ments like Si and Ca, known for their role in controlling grain growth and densification
during sintering. Our choice of Mn as a dopant is due to its close similarity in size to
Fe, and previous research has demonstrated that even small amounts of Mn substitution
can enhance magnetic properties, such as the Mg [5-7,21-23]. We systematically adjusted
the doping levels of Mn, Al, and Ca during the optimization process. In this composi-
tion formula, we represent the oxygen content as O19_4, maintaining the charge balance
between cations and oxygen ions. The substitution of Al and Si serves a function akin
to sintering additives, effectively suppressing grain growth. In our previous research,
we effectively controlled grain growth using only Si as an element [22,23]. However, in
this study, we can expect to achieve an even better Hc with the combined action of Al
and Si. When combined with the magnetic element Mn, we anticipated improvements
in the magnetic properties at the optimal composition. Our goal was to identify the ideal
substitution levels to enhance the magnetic characteristics. We conducted a comprehensive
analysis of the crystalline phase, microstructure, and magnetic properties resulting from
these substitutions, ultimately yielding a composition with cation substitutions well-suited
for use as a ferrite permanent magnet.

2. Materials and Methods

To synthesize M-type Sr-hexaferrites with the cationic composition ratios of
Sro.sCag2Fer1—3:Mny Al Siy, SrosCagaFeip7—x—yMng11xAlo14ySio1, Sroz+zCags—-Feroz
Mnyg ;1 Aly5Sig 1, and Srg 7.,Cag 3—.Feg 7Mng 1 Al »Sip 1 (0 < x,y, z < 0.2), a solid-state reaction
method was employed. Setting the atomic ratio of [Sr-site] /[Fe-site] in the chemical formula
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to 11 instead of 12 was based on the experimental results from previous research [5,6],
aiming to suppress the formation of the secondary phase of Fe,O3. Powders of Fe;O3 (99%,
industrial use, Pohang, South Korea), SrCO3 (99.9%, Kojundo Chemical, Sakado, Japan),
CaCOj3 (98%, Showa chemical, Minato, Japan), CozO4 (98%, Top new energy tech. Co.,
Xiamen, China), MnCOs (99.9%, Kojundo Chemical, Sakado, Japan), La;O3 (Sigma-Aldrich,
99.9%, St. Louis, MO, USA), and SiO; (99.5%, JK Silica Co., Shaxian, China) were weighed
according to the cationic composition ratios. The weighed powders were mixed with
distilled water in sample containers (Nalgene) and subjected to wet ball milling at 120 rpm
for 20 h using zirconia balls. The fully dried powders were placed in alumina crucibles and
calcined at 1100 °C for 4 h in an atmospheric electric furnace. After calcination, the powders
were crushed, followed by a second 24 h wet milling. The milled powders were then dried
and sieved through a 200 mesh sieve. A total of 5 g of the sieved powder was placed into a
disk-shaped mold (20 mm diameter) and molded under a pressure of 0.3 tons. The molded
samples were then sintered in an electric furnace under atmospheric conditions at 1210 °C
for 2 h. During the ramp-up and ramp-down phases of the heating process, the furnace
temperature was controlled at a rate of 5 °C/min, while natural cooling (furnace cooling)
was employed during the cooling phase.

The density of the samples was calculated from the external dimensions and mass of
the sintered disk-shaped samples. For phase analysis, the sintered samples were powdered,
and X-ray diffraction (XRD) analysis was performed using an X-ray diffractometer (D8
Advance, Bruker, Karlsruhe, Germany) with Cu Ko radiation (A = 0.154056 nm). For
microstructure observation, the fractured surface of the sintered samples were examined
using a field emission scanning electron microscope (FE-SEM, JSM-7610F, JEOL, Tokyo,
Japan). Magnetic properties were characterized by measuring the M-H curves of the
sintered samples using a B-H loop tracer (BH-5501, Denshijiki Industry, Tokyo, Japan).
The demagnetization curves in the second quadrant, measured by applying a maximum
magnetic field of 25 kOe and then gradually decreasing the magnetic field, are presented.

3. Results and Discussion
3.1. Crystalline Structure and Microstructure Analysis

Figure 1a—d present the XRD patterns of the M-hexaferrite samples synthesized in
this study in four series, based on different cationic compositions. All the samples were
obtained through calcination at 1100 °C in an air atmosphere and sintering at 1210 °C.
The XRD patterns of the M-hexaferrite phase were indexed based on the International
Center for Diffraction Data (ICDD) with the pdf search number SrM: 00-033-1340. For some
samples, the peak positions of the secondary phase Fe;O3 (ICDD, 33-0664) that occurred
in certain samples are also indicated. In Figure la, the formation of the M-hexaferrite
phase in SrggCagFe11_3,MnyAl,SiyO19_4, where 20% of Sr in the basic composition of
M-hexaferrite SrFe 2019 is substituted with Ca, and Fe is simultaneously substituted with
Mn, Al, and Si, is shown. For x = 0 and 0.05, a pure M-hexaferrite phase is formed,
whereas for x = 0.1, a small Fe;O3 peak is observed, and as x increases to 0.15 and 0.2,
the Fe,O3 peak becomes significantly more pronounced. For the x = 0 composition, it
can be observed that the 001 peaks, such as 006, 008, and 0014, are significantly higher
compared to the other compositions. This result can be explained as follows: in sam-
ples with large grain growth, wide plate-like hexaferrite grains are abundant even in the
powdered state. During the packing of the powder into the sample holder for the XRD
measurements, the c-axes of each grain align perpendicular to the sample holder’s sur-
face. This phenomenon has been reported in previous studies on hexaferrites [7,16,23].
Figure 1b shows the XRD patterns of SrogCagzFe17-3:Mng11xAlp.14ySin 10194 (0 < x,
y < 0.1), in which either of the Mn and Al substitution levels are increased from one
of the first series samples, SrpgCagoFe197Mng 1Al 1Sip1019-4 (x = 0). All four samples
show the presence of a secondary phase Fe;O3 in small amounts. Figure 1c,d display
the XRD patterns of two series samples, Srgy.,Cag3_,FeipoMng1Aly2Sig11019_g and
Srg.7+-Cags—-Feg 7Mng 1 Aly2Sig11019_g (z = 0.05, 0.1, 0.15, 0.2). In these samples, the
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ratio of Sr:Ca is varied and the Fe content in the formula is reduced from 10.6 to 10.2 and
9.7, respectively. All eight samples in Figure 1c,d are single-phase M-hexaferrites. The
phases of each composition confirmed from the XRD analysis are summarized in Table 1.

Intensity (Arb. Unit.)

N
o

()

(107)

55
vr\l

(106)

(110)
& & 00)
Fe,

5§
¢

@
o

b (103)
L (006)
(209)

>
>

(2012)

Sry4Ca,,Fe;;;,Mn Al Si,

S
&
S

(2014)

LL
'EEE

30 40 50

£ ¢ R0,
-Eeagl

(b) SrogCag,Feqg 7. Mng Al 14, Sig

u.l_LW_A_M.kA\_M_‘A;A\ x=0,y=0.1

x=0,y=0.05

MJ%.\'=O,L}*=U
{$ jl$ - o mjmkr 4+ JL Ay X =0.05,p=0

30 40 50

N
o]

70

(C) Sry7./Cag 3 Feyg,Mng Al ,Siy

o
>
Lo
a o
]
=3
b

&
Il
ot

&
I
e
=3
hn

20 30 40 50

26 (degree)

Figure 1. XRD patterns of M-hexaferrites,

(b)

Sro.gCag2Fe10.7-3:Mng 112 Alp.14ySin 10194,

(0

(@) SrggCapaFer1_3:MnyAlSixO19_g,
Srg742Cag3_.Fe1p2Mng 1Alg2Sip1019_g,

(d) Sr0_7+ZCa0_3,ZF99,7MnO_1AIOVZSiO_l019_d sintered at 1210 °C.
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Table 1. Sample composition with substitution content (x, y, z), sintering temperature (Ts), cell
volume (Vol), sintered sample density (p), saturation magnetization (47tMsg), and coercivity (Hc) of
the sintered hexaferrite samples.

Cation = XRD p a c Vv 47tM, Hc
Composition 'Y (Phase) (g/cm®) (A) (A) (A3) kG) (kOe)

x=0 M 4.96 5.881 23.05 690.3 2.57 2.80

oo CaoF x=0.05 M 4.89 5.881 23.04 690.0 2.30 3.59

rof/[ aOAZI 851.1—3X x=0.1 M+Fe, 05 481 5.875 23.04 688.8 2.25 472

e Aleole x=0.15 M+Fe, 03 4.90 5.870 23.04 687.1 2.20 4.76

x=02 M+Fe,O3 4.90 5.871 23.04 687.7 2.04 4.90

x=0.05 M-+Fe,03 478 5.869 23.01 686.3 2.18 4.65

SrgsCapaFernr x y x=01 M+Fe, 05 4.74 5.863 22.98 684.1 2.19 4.66

Mng 1.xAlp.14ySi0.1 y=0.05 M+Fe;0;3 4.80 5.852 22.94 680.4 2.21 4.83

y=0.1 M+Fe, 05 485 5.866 23.00 685.3 2.20 5.01

z=0.05 M 4.81 5.870 23.01 686.5 2.22 5.00

Srg.7.-Cags_-Feig z=0.1 M 4.84 5.861 22.99 684.1 2.22 5.10

Mnyg 1 Alg»Sig 1 z2=0.15 M 4.76 5.868 23.01 686.0 2.16 5.20

z=02 M 4.70 5.872 23.03 687.6 2.13 5.32

z2=0.05 M 4.88 5.870 23.00 686.2 2.21 4.92

Sro7.-Cag3_.Feg7 z=0.1 M 5.00 5.869 23.00 686.2 2.23 4.99

Mnyg 1 Alg»Sig 1 z2=0.15 M 4.86 5.869 23.00 686.2 2.18 5.07

z2=02 M 4.73 5.868 23.02 686.5 2.14 5.16

The error bar for p, 47M;, Hc is £ 0.3%, £ 0.2%, = 1% of the original values, respectively.

Additionally, the lattice constants 4, ¢, and the unit cell volume (V) were calculated
from the XRD peaks and are presented in Table 1. The a and c are calculated from the values
of dyy; corresponding to the (107) and (114) peaks, according to the following equation:

; :{4(h2+hk+k2)+12}1/2 o
hkl 342 2

where djy; is the interplanar spacing, and £, k, and [ are the Miller indices. As the substitution

level x increases, the unit cell volume generally decreases due to the smaller average ionic

radii of Mn3+, Al?*, and Si** compared to Fe3*. Furthermore, since Sr?* has a larger ionic

radius than Ca?", it could be expected that the unit cell volume would increase with

increasing z. However, this trend is not observed in this experiment.

Figure 2a—e illustrate the changes in the microstructure with increasing x in sintered
SrpsCapFeq1-_3:Mny Al SiyO19_g samples. The average grain size (D) was determined
using a random intercept method applied to SEM micrographs and is presented in the
lower right corner of each figure. Notably, when Mn-Al-Si substitutions are absent (x = 0),
the average grain size is the largest, at D = 2.23 um. With increasing x, there is a consistent
trend of decreasing D. Given that the substitution of Mn—Al-5Si does not significantly
affect the MCA of M-hexaferrite, it can be explained that Hc is primarily dependent on
D. As discussed earlier in Equation (1), the coercivity of an individual grain (h¢) exhibits
an inverse relationship with its size (d), which can aptly account for these variations.
The abnormally high intensity of the (001) plane peaks in the XRD pattern of the x = 0
sample (Figure 1a) is attributed to the growth of hexagonal plate-like crystals, which can
be observed in Figure 2a. In Figure 2c—e, for samples with x > 0.1, a uniform grain size
distribution is evident, with D ranging between 1.15 and 1.33 ym. In Figure 2f,g, when
the Mn substitution level is increased to 0.15 and 0.2, a slight increase in D is observed.
However, in Figure 2h,i, as the Al substitution level increases to 0.15 and 0.2, there is a
slight tendency for D to decrease. The apparent density of the sintered samples for each
composition is presented in Table 1.
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Figure 2. SEM micrographs of sintered (a—e) SrygCagFej1_3,MnyAlSiyO19_gq with x =0, 0.05, 0.1,
0.15,0.2, and (f—l) SrO'8Ca0.2F910‘7,3xMHO‘1+xAl()'1+ySio_1 Ol97d with X, Y= 0.05,0.1, sintered at 1210 °C.

3.2. Magnetic Property Analysis

Figure 3a—d display the demagnetization curves (47tM-H) of samples for each com-
position in the four series. Additionally, to facilitate an easy assessment of the changes
in the residual magnetization (4tM;) and coercivity (Hc) of the samples obtained here,
we have plotted them as a function of the substitution level x, y, and z in Figure 4a—e.
The precise data values are provided in Table 1. In Figure 3a, it can be observed that the
demagnetization curves vary significantly with respect to the Mn—-Al-Si substitution level,
x. As x increases, 4mM;, decreases, while Hc shows an increasing trend. When there is
no secondary phase, 47M; can be expressed in terms of the Mg, sintered density (p), and
squareness (5), as follows [7,23]:

4nM; = Mg-p-S 3)

here, 47M, is the remanent magnetization in Gauss units, Mg is the saturation magnetization
in emu/g unit, p is the sintered density in g/cm?, and S represents the squareness, which is
a measure of the degree of alignment along the c axis in the crystallites. It can be expressed
as the ratio of the remanent magnetization to saturation magnetization (S = M;/Mg). The
saturation magnetization in Gauss units (41Mg) can be estimated as twice the value of
47M; in the case of an isotropic magnet, where the crystalline grains are randomly oriented.
Since the Mg of Sr M-hexaferrite in the units of emu/g is known to be 72 emu/g [2,3], the
theoretical 4tMg can be approximately 4600 G. In this case, for a perfectly isotropic magnet
with a theoretical density of 5.1 g/ cm?, the 47M, would be around 2300 G.
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Figure 3. Demagnetization curves of hexaferrite samples, (a) SrggCagFeq1_3,MnyAlSixO19_g,
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Figure 4. (a—e) Dependence of 4mM; and H¢ on substitution compositions (x, y, z) of the M-hexaferrites.

In Figure 3a, the x = 0 sample exhibits a significantly higher 47M; of 2570 G than the
expected 47M; for a perfectly isotropic magnet. This can be attributed to some degree
to the c axis alignment in the crystallites. Based on the size and shape of the crystalline
grains observed in the SEM images in Figure 2a, it can be inferred that the x = 0 sample
maintains hexagonal plate-like crystallites even after secondary ball milling and exhibits
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some c axis alignment after the molding process into disk shapes. The x = 0.05 sample
shown in Figure 2b is also expected to show a weaker degree of c axis alignment for the
same reasons. For samples with x > 0.1, as shown in Figure 3a, considering the size
and shape of the crystallites from Figure 2c—e, they are expected to be nearly perfectly
isotropic. Therefore, the 4mMg for these samples can be roughly estimated as twice the
value of the 47tM;. In these samples (x > 0.1), the crystalline grain size and distribution are
uniform. In Figure 4a, it is noticeable that the H¢ sharply increases at x = 0.1. Among the
samples in the series presented in Figure 3a for Srg gCagFej;_3,Mn,AlSiyOq9_4, when
considering both the 4M, and Hc values, it is concluded that the composition at x = 0.1,
SrpsCapFe10.7Mng 1 Alg 1Sip1019_g, exhibits the most optimized results for permanent
magnet applications. Additionally, there is still room for improvement in 47tM; through
improving the sintering density and removing the second phase Fe;Os.

Figure 3b shows the demagnetization curves of SrgsCag2Fe10.7—x—yMno 14xAlg 14Si01
O19_4 (0 < x,y <0.1), in which either of the Mn and Al substitution levels are increased
from the first optimized composition in Figure 3a, SrggCagaFej97Mng1Aly15ip1019-_g
(x = 0). Among the four demagnetization curves, it can be observed that there is a significant
improvement in Hc when adding Al content with y = 0.1, while the 4nMg values remain
relatively consistent. In Figure 4b,c, one can easily compare the relative magnitude of
the 47M; and Hc values for these samples. Therefore, based on these results, the second
optimized composition can be derived as SrygCag Fej9sMng 1Alp2Sip1019_4.

The XRD phase analysis results presented in Figure 1 show that all four samples shown
in Figure 3b contain a secondary phase of Fe;O3. Therefore, the Fe content in the chemical
formula was reduced from the stoichiometric composition of 10.6 to 10.2 and 9.7, respec-
tively, while the Sr:Ca ratio was slightly adjusted. The results for these two series of composi-
tions, Srg.7,,Cag 3 .Fe1p2Mng 1 Alg2Sip.1019-q and Srg.7,,Cag s Feg 7Mng 1 Alg2Sip.1019_q
(z=0,0.05, 0.1, 0.15, 0.2), are presented in Figures 3c and 4d, respectively. The changes
in the 47tM; and H¢ values with respect to z are also plotted in Figure 4d,e. In both cases,
an increase in z (corresponding to a decrease in the Ca content) leads to an increase in
Hc, and a decrease in the 4nMg values, roughly. This is related to the tendency of the
Ca content to promote grain growth. Furthermore, the composition with z = 0.1, which
corresponds to Sr:Ca = 0.8:0.2, exhibited the highest sintered density. Considering both
the 47M; and Hc values, the composition with the Fe content at 10.2 and z = 0.1 (i.e.,
SrpgCagaFe1p2Mng 1Al »Sip1019_q) can be derived as the final optimized composition.

In ferrite magnets, it is well-known that there is a trade-off relationship between
47M; and Hc. To confirm this trend observed in the five series of compositions in this
study, the 47M; and Hc of all the samples were plotted as points in a two-dimensional
plane (x, y) and presented in Figure 5. Each series of samples is represented by shapes
and colors of the same type. Furthermore, a trend line with a consistent slope from the
bottom-left to the top-right are drawn from the coordinate points of each series, help-
ing distinguish the positions of the points. A specific point that trends towards the
upper-right direction indicates superior permanent magnet properties. In the first se-
ries, SrggCagrFe11_3:MnyAlSiyO19_q (x =0, 0.05, 0.1, 0.15, 0.2), it is confirmed that the
composition with x = 0.1 is positioned most towards the upper-right direction. In the
second series, SrogCagaFe1p7-3:Mno11xAlg 1451010194, when additional Al substitu-
tion (y = 0.1) is applied, it is observed that this composition is located most towards
the upper-right direction. Finally, in the two series where the Sr:Ca ratio is adjusted,
SI‘O_7+ZCaQ.3_ZFe10_2MnO.1Alo_zSio_lolg_d, Sr0.7+ZCaO.3_ZFe9.7Mno_1AIO_ZSiOJ019_01 (Z = 0, 005,
0.1, 0.15, 0.2), it is again confirmed that the composition with z = 0.1 is positioned most
towards the upper-right direction. This analysis reaffirms the validity of the step-by-step
optimization process to derive the final optimized composition for the permanent magnet
properties in each series of compositions.
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Figure 5. Plot of 47M; and Hc of the sintered hexaferrite samples.

4. Conclusions

In this study, M-hexaferrites (SrFe;,019) with Mn—Al-Si and Ca substitutions were
fabricated by a solid-state reaction, and their crystalline structure, microstructure, and
magnetic properties were evaluated. The goal was to optimize the cation substitution com-
position for permanent magnets by considering two key magnetic properties, 4nM; and Hc.
It was also planned to achieve grain growth inhibition and densification through the com-
positional control of the initial raw materials without adding separate sintering additives.
Initially, in the composition SrygCag2Fe11_3,MnyAlSiyO19_4, we obtained a significant
improvement in the magnetic properties, with a well-controlled grain size at x = 0.1, that is,
Srg.gCap2Fe10.7Mng 1 Alg 151910194, resulting in an increased Hc. From there, we increased
the Mn and Al content step by step in the composition Srg.gCag2Fe10.7—x—y;Mng.14xAlp.144Sio.1
O19_4, and it was observed that the composition with x = 0 and y = 0.1 exhibited the best
magnetic properties (4tM; = 2.20 kG, Hc = 5.01 kOe). However, it was noted that Fe,O3
existed in trace amounts as a secondary phase. In the next step, the Fe content was reduced,
and the Sr to Ca ratio was adjusted in two compositions, Sy 7..Cag3_.Fej02Mng 1Al 2Sig 1
O19_4q and Sry7.,Cag3-_.Feqg 7Mng 1Al 2S5ig1019_4 (z = 0.05, 0.1, 0.15, 0.2), resulting in the
final optimized composition, SrggCag2Fejp2Mng 1Al 2Sig1019_g. This sample exhibited a
sintered density p = 4.84 g/cm?, 4nM; = 2.22 kG, and Hc = 5.10 kOe. This result is achieved
in a completely isotropic magnet with no crystal orientation. Through the implementation
of high-energy ball milling to obtain finer powders, which enhances the sintering density,
and the application of a magnetic field pressing to align the c axis crystal orientation, there is
potential to develop an anisotropic magnet with an M, /M; = 0.95 and p = 5.0 g/cm? [21-23].
Based on these assumptions, we anticipate that further process optimization will enable
the same composition of anisotropic magnets to achieve 4nM, = 4.40 kG, Hc = 4.8 kOe,
and a maximum energy product (BHmax) of 4.65 M-G-Oe. Overall, these results are highly
promising, particularly as they were achieved without the need for cobalt, a costly material
typically essential for high-performance ferrite magnets.
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