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Abstract
Ba0.5Co0.5AlxFe12−xO19 (x = 0, 0.08, 0.16, and 0.24) hexaferrites are synthesized via ball-milling assisted ceramic process, 
and their crystal structure, microstructure, and magnetic properties were studied. The results show that all samples, calcined 
between 950 and 1150 °C, consist of the main M-type hexagonal Ba ferrite phase in combination of a small amount of 
CoFe2O4 and Fe2O3 phase. The lattice parameters of M-type hexagonal Ba0.5Co0.5AlxFe12−xO19 decrease after Al3+ doping. 
The addition of Al3+ ions results in a reduction of crystallite size, which is attributed that the presence of foreign phase 
CoFe2O4 and Fe2O3 restrains the growth of the Ba0.5Co0.5AlxFe12−xO19 crystallite. Magnetic characterization indicates that 
all samples exhibit hard magnetic properties. Trend of specific saturation magnetization of Ba0.5Co0.5AlxFe12−xO19 sample, 
calcined at 1050 and 1150 °C, decreases with the increase in Al3+ content. The varied magnetic properties with substitu-
tion content (x) are well explained by the occupancy effects of Al3+ ions in magnetoplumbite structure. Ba0.5Co0.5Fe12O19, 
calcined at 1150 °C, has the highest specific saturation magnetization value (56.07 emu/g), remanence (28.66 emu/g), and 
moment (10.76 µB). Besides, with the increase of substitution content (x), magnetic domain type of ferrites, calcined at 
1150 °C, changes from a single magnetic domain to a multi-domain type.

1  Introduction

Barium hexaferrite (BaFe12O19) is a well-known permanent 
magnet with relatively high Curie temperature (TC = 502 °C) 
[1, 2] and specific saturation magnetization [3], high values 
for melting point (1390 °C) [4], coercivity [5], and mag-
netic anisotropy [6, 7], as well as excellent chemical stability 
and corrosion resistivity [8]. Barium hexaferrite has been 
extensively used as permanent magnets, microwave devices 
and magnetic recording media. The magnetic properties of 
the hexaferrites particles used in electronic and recording 
media depend highly on the crystallite size, shape, purity, 
and magnetic stability. These particles should have follow-
ing conditions, including single-domain structure, high 

coercivity and relatively high specific saturation magneti-
zation [8]. In the hexagonal BaFe12O19 ferrite, the Fe3+ ions 
are distributed over five different sites: three octahedral sites 
(12k, 4f2 and 2a), one tetrahedral site (4f1), and one bipy-
ramidal site (2b). The sites of 12k, 2a, and 2b have upward 
spin direction, while the 4f1 and 4f2 sites have downward 
spin directions. The magnetic moment (M) of each molecule 
hexagonal BaFe12O19 ferrite can be written as the following 
equation [9, 10]: ��⃗M = ���⃗2a + ���⃗2b + �����⃗12k + �⃖���4f1 +

�⃖���4f2 . Therefore, 
magnetic properties of barium hexaferrite can be tailored by 
distribution of different cations at octahedral, tetrahedral, 
and bipyramidal sites. To date, some studies have been car-
ried out. For example, Ba2+ ions were substituted by rare 
earth ions or alkaline-earth metals (such as Ho3+, Ce3+, 
La3+, Pr3+, Sm3+, Ca2+, etc) [11–15]; Fe3+ ions are substi-
tuted by different cations (such as Nd3+, Co2+ or Co3+, Al3+, 
Ni2+, etc) [16–19], and the hexagonal Ba ferrites underwent 
combined substitution (such as, Sr–Pr, Co–Zn–Sn, Co–Al, 
Zn–Co–Zr, Mn–Sn, etc) [20–24]. Magnetic properties of 
these materials depend mostly on their composition, grain 
size, and phase purity. For example, Mosleh et al. [12] syn-
thesized M-type hexagonal Ba1−xCexFe12O19 (x = 0.0, 0.05, 
0.1, 0.15, and 0.2) polycrystalline samples by the sol–gel 
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method, followed by sintering in air at 1100 °C for 3 h. 
Maximum values of magnetization (53 emu/g) and coer-
civity (5088 Oe) were obtained for substitution content of 
x = 0.1. Teh et al. [17] synthesized BaMxFe12−xO19 [x = 1.0, 
M = Co(II) or Co(III)] by the sol–gel method, followed by 
calcining in air at a temperature of 800(± 10) °C for 3 days 
with intermediate grindings. Specific saturation magnetiza-
tions of BaFe12O19, BaFe11Co(II)O19−δ, and BaFe11Co(III)
O19 are 47.8, 27.8, and 50.4 emu/g, respectively. Dhage 
et al. [18] synthesized BaFe12−xAlxO19 (x = 0.00, 0.25, 0.50, 
0.75, 1.00) by the solution combustion technique, followed 
by sintering in air at 900 °C for 8 h. Pure barium hexa-
ferrite shows only single phase hexagonal structure while 
samples with 0.25 ≤ x ≤ 1.00 substitution content consist of 
the main M-phase barium hexaferrite in combination of a 
small amount of α-Fe2O3. The specific saturation magnetiza-
tion (Ms) and magneton number (nB) decrease from 38.57 to 
21.73 emu/g and from 7.675 to 4.213 µB, respectively, with 
the increase in substitution content from x = 0.0 to 1.0. Alam 
et  al. [23] synthesized M-type BaZnxCoxZr2xFe12−4xO19 
(x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) nanoparticles by the co-
precipitation method in the presence of polyvinyl alcohol 
(PVA), followed by sintering in air at 950 °C for 2 h. The 
results show that the specific saturation magnetization and 
coercivity decrease from 84.53 to 52.81 emu/g, 3750 to 
440 Oe, respectively, as substitution content increases from 
x = 0 to x = 0.5. However, as far as we know, there is no 
report available for structure, lattice strain, and magnetic 
properties of Ba0.5Co0.5AlxFe12−xO19 (x = 0, 0.08, 0.16, and 
0.24) synthesized by the ball-milling, followed by calcina-
tion in air using BaC2O4·2H2O, CoC2O4·2H2O, Al(OH)3, 
and FeC2O4·2H2O as raw materials.

In this paper, the hexaferrite Ba0.5Co0.5AlxFe12−xO19 
(x = 0, 0.08, 0.16, and 0.24) magnetic powders were syn-
thesized by the ball-milling assisted ceramic process. The 
structure, lattice strain, and magnetic properties of the sam-
ples have been investigated systematically.

2 � Experimental procedures

Al l  s amp le s  o f  M- type  hexagona l  fe r r i t e s 
Ba0.5Co0.5AlxFe12−xO19 (x = 0, 0.08, 0.16, and 0.24) were 
synthesized by ball-milling assisted ceramic process [25]. 
The raw materials used in this study were BaC2O4·2H2O, 
CoC2O4·2H2O, Al(OH)3, and FeC2O4·2H2O of ana-
lytical grade. In a typical synthesis (Ba0.5Co0.5Fe12O19), 
0.609 g BaC2O4·2H2O, 0.427 g CoC2O4·2H2O, 10.066 g 
FeC2O4·2H2O, and 10 ml ethanol were added to stain-
less steel ball milling tank of 100 ml. The mixtures of 
raw materials were milled for 30 min with an angular 
velocity of 350 rpm and a ball-to-powder weight ratio of 
about 15:1. The Ba0.5Co0.5Fe12O19 precursor was obtained 

after drying the mixture in air at 80 °C for 5 h. A simi-
lar synthesis procedure was used to synthesize other 
Ba0.5Co0.5AlxFe12−xO19 precursor. Finally, the precursor 
powder was calcined at 950, 1050, and 1150 °C for 3 h, 
respectively, at a heating rate of 2 °C/min in air to produce 
M-type hexagonal Ba0.5Co0.5AlxFe12−xO19.

The TG/DSC measurements were conducted using a 
Netzsch Sta 409 PC/PG thermogravimetric analyzer under 
continuous flow of air (30 ml/min). The sample mass was 
9.55 mg. The phase purity of the studied hexaferrites 
was carried out using a X′pert PRO X-ray diffractometer 
(XRD), using Cu Kα radiation (λ = 0.15406 nm) at room 
temperature in the range of 5–75°. The micromorphol-
ogy of the samples was investigated using a S-3400 scan-
ning electron microscope (SEM). The Fourier transform 
infrared spectra (FT-IR) spectra of the calcined samples 
were recorded on a Nexus 470 Fourier transform IR instru-
ment. Magnetic measurements were done using a vibrating 
sample magnetometer (VSM, Lake Shore 7410) at room 
temperature and under an applied magnetic field up to 
20 kOe. Magnetic parameters, including the specific satu-
ration magnetization (Ms), remanence (Mr), and coercivity 
(Hc), were calculated from the hysteresis loops of samples.

3 � Results and discussion

3.1 � Composition analysis of the precursor

0.031 g precursor sample was dissolved in 10 ml 50 vol% 
HCl solution, and then diluted to 100.00 ml with deion-
ized water. Barium (Ba), cobalt (Co), aluminum (Al), and 
ferrum (Fe) in the solution were determined by inductively 
coupled plasma atomic emission spectrometry (ICP-AES, 
Perkin Elmer Optima 5300 DV). The results were showed 
in Table 1. Atom ratios of Ba, Co, Al, and Fe in the pre-
cursor agreed with those of Ba0.5Co0.5AlxFe12−xO19 (x = 0, 
0.08, 0.16, and 0.24). For example, Ba0.5Co0.5Fe12O19 pre-
cursor was determined to be 0.5BaC2O4–0.5CoC2O4–12F
eC2O4·14H2O.

Table 1   Composition analysis of Ba0.5Co0.5AlxFe12−xO19 precursor

Composition, x Mass percentage (%) Atom ratio
(Ba:Co:Fe:Al)

Ba Co Fe Al

0.0 3.172 1.361 30.980 0.000 0.50:0.50:12.01:0.00
0.08 3.179 1.365 30.826 0.100 0.50:0.50:11.92:0.08
0.16 3.192 1.370 30.735 0.201 0.50:0.50:11.84:0.16
0.24 3.203 1.375 30.638 0.302 0.50:0.50:11.76:0.24
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3.2 � TG/DSC analysis of the precursor

Figure 1 shows the TG/DSC curves of the Ba0.5Co0.5Fe12O19 
precursor at a heating rate of 10 °C/min. The TG/DSC curves 
show that the thermal transformation of 0.5BaC2O4–0.5Co
C2O4–12FeC2O4·14H2O below 1200 °C occurred in three 
well-defined steps. The first step started at about 153.6 °C 
and ended at 194.3 °C, and is characterized by a weak endo-
thermic DSC peak at 190.6 °C, which can be attributed to 
the dehydration of 14 molecules of water from 0.5BaC2O4–0
.5CoC2O4–12FeC2O4·14H2O (mass loss: observed, 11.15%; 
theoretical, 11.65%). The second transformation step started 
at 194.3 °C and ended at 257.8 °C, and is characterized by 
a strong exothermic DSC peak at 225.8 °C, attributed to 
the reaction of 0.5CoC2O4–12FeC2O4 with 9.25O2 into 
0.5CoO, 6Fe2O3, and 25CO2 (mass loss: observed, 35.55%; 
theoretical, 37.15%). The third transformation step started 
at 257.8 °C and ended at 284.6 °C, attributed to the reaction 
of 0.5BaC2O4 with 0.25O2 into 0.5BaO and CO2 (mass loss: 
observed, 1.56%; theoretical, 1.66%). The weak and broad 
exothermic peak at about 850 °C is attributed to crystalliza-
tion of hexagonal Ba0.5Co0.5Fe12O19.

3.3 � XRD and SEM analyses of the calcined products

Figure  2 represents X-ray diffraction patterns of 
Ba0.5Co0.5AlxFe12−xO19 (x = 0, 0.08, 0.16, and 0.24) fer-
rite samples calcined at different temperature for 3 h. The 
XRD patterns were indexed to be hexagonal magnetop-
lumbite (M-type) crystal structure having space group P63/
mmc(194) (JCPDS no. 43-0002). The XRD analysis of all 
samples, calcined at different calcination temperature, con-
firm the formation of M-type hexagonal Ba ferrite in com-
bination of a small amount of CoFe2O4 and Fe2O3 phase. 

The presence of Fe2O3 and CoFe2O4 can be related to a 
higher disorder in the BaFe12O19 structure due to higher Co 
content. The substitutions of Al3+ ions for Fe3+ ions do not 
change the M-type hexagonal ferrite crystalline structure of 
MFe12O19 except that the diffraction peaks shift slightly to 
a lower degree at x = 0.08, then to higher degree with the 
increase in Al3+ content (Fig. 2e).

The lattice constants a and c values of the hexaferrites 
Ba0.5Co0.5AlxFe12−xO19 are calculated from the values of the 
dhkl corresponding to (107) peaks and (114) peaks using the 
following Eq. (1) [26] and the results are listed in Table 2.

The value of ‘a’ and ‘c’ slightly decreases with increasing 
substitution content (x). This may be due to the smaller Al3+ 
ions (0.051 nm) [27] which simply substitute the larger Fe3+ 
ions (0.067 nm) [28] without distortion of the hexagonal 
symmetry of the host Ba–Co hexaferrite. Similar results are 
also reported for M-type hexagonal BaAlxFe12−xO19 ferrites 
by Chen et al. [29], and M-type hexagonal SrAlxFe12−xO19 
by Wang et al. [30].

The crystallinity of Ba0.5Co0.5AlxFe12−xO19 is estimated 
using Eq. (2) or Eq. (3) [31, 32].

or

where I and A are the intensity and the area of 
the XRD peaks, respectively. The crystallinity of 
Ba0.5Co0.5AlxFe12−xO19 (x = 0, 0.08, 0.16, and 0.24), obtained 
at different temperatures, is shown in Fig. 3. The crystallin-
ity of Ba0.5Co0.5AlxFe12−xO19 increases with the increase in 
calcination temperature except for Ba0.5Co0.5Al0.08Fe11.92O19. 
Besides, the crystallinity of Ba0.5Co0.5AlxFe12−xO19, cal-
cined at 1150 °C, decreases with the increase in substitution 
content (x). The crystallinities of Ba0.5Co0.5AlxFe12−xO19, 
obtained at 1150  °C, are 69.20% for x = 0, 67.27% for 
x = 0.08, 65.50% for x = 0.16, and 65.08% for x = 0.24, 
respectively.

The crystallite size is calculated by using the Scherrer 
formula [33] given by Eq. (4).

where D is the crystallite size, K the Scherrer constant equal 
to 0.89, λ the wave length (0.15406 nm), θ the corresponding 
angle, and β the full width at half maxima, The instrumental 
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Fig. 1   TG/DSC curves of the 0.5BaC2O4–0.5CoC2O4–
12FeC2O4·14H2O at a heating rate of 10 °C/min in air
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Fig. 2   XRD patterns of Ba0.5Co0.5AlxFe12−xO19: a Ba0.5Co0.5Fe12O19, b Ba0.5Co0.5Al0.08Fe11.92O19, c Ba0.5Co0.5Al0.16Fe11.84O19, d 
Ba0.5Co0.5Al0.24Fe11.76O19, and e local magnification
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broadening factor has been considered during the FWHM 
calculation. That is, � =

√

�2
obs

− �2
ins

.

The d(114) interplanar spacing of Ba0.5Co0.5AlxFe12−xO19 
is calculated by the following Bragg equation [25].

(5)d(1 1 4) =
�

2 sin �(1 1 4)

,

The crystallite size (D) of Ba0.5Co0.5AlxFe12−xO19, 
obtained at different temperatures and d(114) interplanar 
spacing of Ba0.5Co0.5AlxFe12−xO19, calcined at 1150 °C, 
are shown in Fig. 4 and Table 2, respectively. From Fig. 4, 
crystallite size of Ba0.5Co0.5AlxFe12−xO19 (x = 0.08, 0.16) 
increases with the increase in calcination temperature. 
Besides, the crystallite size of Ba0.5Co0.5AlxFe12−xO19 sam-
ple, calcined at 1150 °C, decreases obviously after substitut-
ing by Al3+ ions. The decrease of average crystallite size of 
Ba0.5Co0.5AlxFe12−xO19 after substituting Fe3+ ions by Al3+ 
ions can be explained as follows: The ionic radius of Al3+ ion 
(0.051 nm) [27] is smaller than that of Fe3+ ion (0.067 nm) 
[28]. In other words, the bond energy of Al3+–O2− is larger 
than that of Fe3+–O2−. When Al3+ ions enter the hexaferrites 
lattice to form Al3+–O2− bonds, the crystal nucleation and 
growth of Al3+ substituted Ba0.5Co0.5Fe12O19 will consume 
more energy, resulting in the decreases of average crystal-
lite size after substituting Fe3+ ions by Al3+ ions [34]. On 
the other hand, the crystallinity of Ba0.5Co0.5AlxFe12−xO19 
decreases with the increase in Al3+ content. The presence 
of foreign phase CoFe2O4 and Fe2O3 restrains the growth of 
the Ba0.5Co0.5AlxFe12−xO19 crystallite. Similar phenomenon 
was also observed for Al3+-doped BaFe12O19 prepared by 
the solid state reaction method [35]. The d(114) values of 
the samples in Table 2 reveal that the interplanar spacing 
decreases with the increase in substitution content (x), which 
is attributed that ionic radius of Al3+ ion (0.051 nm) [27] is 
smaller than that of Fe3+ ion (0.067 nm) [28]. The replace-
ment of Fe3+ ions in octahedral sites, tetrahedral site and/or 
bipyramidal site by Al3+ ions would cause the contraction 
of the unit cell, resulting in smaller d(114) value.

The lattice strains (ε) of the Ba0.5Co0.5AlxFe12−xO19 are 
estimated using the following Williamson–Hall formula 
[25]:

where ε is the lattice strain of the structure, β the full width 
at half maximum (in radian) of the peaks, and θ the cor-
responding angle of the diffraction peak. Lattice strains of 
Ba0.5Co0.5AlxFe12−xO19, calcined at 1150 °C, are shown 
in Table 2. The trend of lattice strains increases with the 
increase in substitution content (x).

Figure 5 shows the SEM images of the Al3+-substituted 
Ba–Co ferrite particles calcined at 1050 and 1150 °C for 

(6)� =
�

4 tan �
,

Table 2   Structural properties of 
Ba0.5Co0.5AlxFe12−xO19 calcined 
at 1150 °C

Composition (x) a (nm) c (nm) c/a Lattice strains (%) d114 (nm)

0.0 0.58870 (7) 2.31848 (5) 3.9383 0.1293 (5) 0.2625 (6)
0.08 0.58892 (2) 2.31902 (1) 3.9377 0.1379 (0) 0.2625 (8)
0.16 0.58874 (4) 2.31880 (3) 3.9386 0.1336 (3) 0.2624 (8)
0.24 0.58849 (7) 2.31729 (6) 3.9377 0.1719 (5) 0.2623 (6)

Fig. 3   Dependence of crystallinity of Ba0.5Co0.5AlxFe12−xO19 on cal-
cination temperature and Al3+ content

Fig. 4   Dependence of crystallite size of Ba0.5Co0.5AlxFe12−xO19 on 
calcination temperature and Al3+ content
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3 h. It can be clearly seen that part of the ferrite particles 
were hexaplatelets, as shown in Fig. 5a–h. Particle size 
obviously increases with the increase in calcination tem-
perature. The particle size of Ba0.5Co0.5AlxFe12−xO19, cal-
cined at 1050 °C, ranged from 0.25 to 1.5 µm. By contrast, 
the particle size of the sample, calcined at 1150 °C, ranged 
from 0.5 to 2.5 µm. In this study, hexagonal platelet-like 
shape is almost achieved for all the substituted samples, 

which is a suitable morphology for microwave absorbing 
[36].

3.4 � FT‑IR spectroscopic analysis 
of Ba0.5Co0.5AlxFe12−xO19

FT-IR spectra of four compositions (x = 0, 0.08, 0.16, and 
0.24) of Ba0.5Co0.5AlxFe12−xO19 ferrites, calcined at 1150 °C, 
are shown in Fig. 6. FT-IR spectroscopy explained well the 
chemical and structural changes of the material. FT-IR spec-
tra of all adsorption bands of the samples are similar, while 
their relative intensities varied. Band at 419 cm−1 is assigned 
to Fe–O bending vibration by Fe–O4 and Fe–O stretching 
mode by Fe–O6. The band at 538 cm−1 is attributed to the 
Fe–O stretching vibration by Fe–O4 [9]. The band at about 
615 cm−1 corresponds to the Ba–O stretching vibration band 
[9]. After substituting Fe3+ ions by Al3+ ions, absorption 
bands of Ba0.5Co0.5AlxFe12−xO19 (x = 0.08, 0.16, and 0.24) in 
the region of 400–730 cm−1 become strong with the increase 
in substitution content (x). Besides, the band at 538 cm−1 
shift to a higher wave number after substituting Fe3+ ions 
by Al3+ ions, which is attributed that the ionic radius of Al3+ 
ion (0.051 nm) [27] is smaller than that of Fe3+ ion (0.067) 
[28]. In other words, the bond energy of Al3+–O2− bond is 
larger than that of Fe3+–O2−. The band at 615 cm−1 shift to a 
lower wave number after substituting Fe3+ ions by Al3+ ions, 
which can be attributed to the substitution of small Al3+ ions 
affecting the distribution of Ba2+ ions.

3.5 � Magnetic properties of Ba0.5Co0.5AlxFe12−xO19

The M–H loops for all Al-substituted samples of composition 
Ba0.5Co0.5AlxFe12−xO19 (x = 0, 0.08, 0.16, and 0.24) magnetic 
powders were measured up to an applied field of 20 kOe. 

Fig. 5   SEM images of Ba0.5Co0.5AlxFe12−xO19 samples cal-
cined at different temperatures: Ba0.5Co0.5Fe12O19 (a 1050  °C, 
b 1150  °C), Ba0.5Co0.5Al0.08Fe11.92O19 (c 1050  °C, d 1150  °C), 
Ba0.5Co0.5Al0.16Fe11.84O19 (e 1050  °C, f 1150  °C), and 
Ba0.5Co0.5Al0.24Fe11.76O19 (g 1050 °C, h 1150 oC)

Fig. 6   FT-IR spectra of Ba0.5Co0.5AlxFe12−xO19 calcined at 1150 °C
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The results are shown in Fig. 7. From these loops, the val-
ues of specific saturation magnetization (Ms), remanence 
(Mr), and coercivity (Hc) for all the samples were obtained. 
Dependence of specific saturation magnetization and lattice 
strains of Ba0.5Co0.5AlxFe12−xO19 on substitution content (x) 
or calcination temperature is shown in Fig. 8. From Fig. 8a, 
specific saturation magnetization of Ba0.5Co0.5Fe12O19 and 
Ba0.5Co0.5Al0.16Fe11.84O19 increases with the increase in 
calcination temperature; specific saturation magnetization 
of Ba0.5Co0.5Al0.08Fe11.92O19 decreases with the increase in 
calcination temperature. By contrast, the specific satura-
tion magnetization of Ba0.5Co0.5Al0.24Fe11.76O19 decreases 
with the increase in calcination temperature up to 1050 °C, 
beyond which it slightly increases. Besides, the trend of 
specific saturation magnetization of Ba0.5Co0.5AlxFe12−xO19 
(x = 0, 0.08, 0.16, and 0.24), calcined at 1050 and 1150 °C, 
decreases with the substitution content (x). Similar results 
are also reported for M-type hexagonal BaAlxFe12−xO19 

ferrites prepared via the electrospinning and subsequent heat 
treatment at 1100 °C for 2 h by Li et al. [37] and M-type hex-
agonal Ca0.6Sr0.1La0.3Fe12−xAlxO19 prepared via the conven-
tional ceramic techniques by Yang et al. [38]. Specific satu-
ration magnetization evolution of Ba0.5Co0.5AlxFe12−xO19 
with Al3+ content can be explained as follows: The magnetic 
moment of per ion for Al3+ and Fe3+ ions are 0 µB and 5 
µB, respectively. It has been reported that Al3+ ions have 
a preference for substituting Fe3+ ions in 2a and 12k sites 
[37]. So, when the non-magnetic Al3+ ions substituted Fe3+ 
ions in Ba0.5Co0.5Fe12O19, a minor substitution (x = 0.08) 
of Fe3+ ions by Al3+ ions leads to a rapid decrease of the 
specific saturation magnetization of Al-substituted sam-
ples. In this study, the Ba0.5Co0.5Fe12O19, obtained at 1150 
and 950 °C, has the highest (56.07 emu/g) and the lowest 
(45.14 emu/g) specific saturation magnetization values, 
respectively. The trend of specific saturation magnetization 
of Ba0.5Co0.5AlxFe12−xO19 decreases with the increase in 

Fig. 7   M–H (magnetization–hysteresis) loops of Ba0.5Co0.5AlxFe12−xO19 samples calcined at different temperatures: a Ba0.5Co0.5Fe12O19, b 
Ba0.5Co0.5Al0.08Fe11.92O19, c Ba0.5Co0.5Al0.16Fe11.84O19, and d Ba0.5Co0.5Al0.24Fe11.76O19
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lattice strains (Fig. 7b). This is because that the ionic radius 
of Al3+ ion (0.051 nm) [27] is smaller than that of Fe3+ ion 
(0.067) [28]. Substitution of a minor Al3+ ions (x = 0.08) 
for Fe3+ ions at octahedral sites (12k and 2a) results in the 
remarkable increase of lattice strains and the decrease of the 
net magnetic moment for Ba0.5Co0.5AlxFe12−xO19.

Dependence of remanence (Mr) and coercivity (Hc) of 
Ba0.5Co0.5AlxFe12−xO19 on calcination temperature and 
substitution content (x) is shown in Fig. 9. From Fig. 9a, 
remanence of Ba0.5Co0.5Fe12O19 increases with the increase 
in calcination temperature. However, remanence of 
Ba0.5Co0.5Al0.08Fe11.92O19 and Ba0.5Co0.5Al0.24Fe11.76O19 
decreases with the increase in calcination temperature. By 
contrast, remanence of Ba0.5Co0.5Al0.16Fe11.84O19 increases 
with the increase in calcination temperature at first, then 
decreases at 1150 °C. Remanence of Ba0.5Co0.5AlxFe12−xO19 

decreases with the increase in substitution content (x). 
Ba0.5Co0.5Fe12O19, calcined at 1150  °C, has the highest 
remanence value (28.66 emu/g); Ba0.5Co0.5Al0.24Fe11.76O19, 
calcined at 1150  °C, has the lowest remanence value 
(22.53 emu/g). Coercivity of Ba0.5Co0.5Fe12O19 increases with 
the increase in calcination temperature at first, then decreases 
at 1150 °C. Coercivity of Ba0.5Co0.5AlxFe12−xO19 (x = 0.08, 
0.16, and 0.24) decreases with the increase in calcination tem-
perature. Besides, coercivity of Ba0.5Co0.5AlxFe12−xO19 (x = 0, 
0.08, 0.16, and 0.24), calcined at 1050 °C, decreases with the 
increase in substitution content (x). By contrast, coercivity 
of Ba0.5Co0.5AlxFe12−xO19, calcined at 1150 °C, remarkably 
increases after a minor of substitution (x = 0.08). Coercivity 
evolution of Ba0.5Co0.5AlxFe12−xO19, calcined at 1150 °C, 
can be explained as follows: crystallite size decreases after 
doping Al3+ ions, and coercivity is inversely proportional to 

Fig. 8   Dependence of specific saturation magnetization (a) and lattice strains (b) of Ba0.5Co0.5AlxFe12−xO19 on substitution content (x)

Fig. 9   Dependence of remanence (Mr) (a) and coercivity (Hc) (b) of Ba0.5Co0.5AlxFe12−xO19 on substitution content (x) and calcination tempera-
ture
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the crystallite size [25, 39]. The samples, calcined at 950 and 
1050 °C, also has similar variation of coercivity as a func-
tion of the grain crystallite size. Ba0.5Co0.5Fe12O19, calcined 
at 1050 °C, has the highest coercivity value (2401.03 Oe); 
Ba0.5Co0.5Fe12O19 and Ba0.5Co0.5Al0.24Fe11.76O19, calcined at 
1150 °C, has the lowest coercivity value (1277.97 Oe). It has 
been reported earlier that a low value of coercivity is favorable 
for sensing application and is also one of the necessary condi-
tions for electromagnetic (EM) materials [20, 40]. Therefore, 
hexagonal Ba0.5Co0.5AlxFe12−xO19 is a kind of promising mate-
rials for sensing and electromagnetic applications.

Dependence of squareness (R = Mr/Ms) on calcina-
tion temperature and substitution content (x) is shown 
in Fig.  10a. Squareness (R) of Ba0.5Co0.5AlxFe12−xO19 
decreases with increase in calcination temperature except 
for Ba0.5Co0.5Fe12O19. The trend of squareness value of 
Ba0.5Co0.5AlxFe12−xO19, calcined at 1050 and 1150  °C, 
decreases with the increase in substitution content (x). Square-
ness of Ba0.5Co0.5AlxFe12−xO19 is 0.5113 for x = 0, 0.5018 
for x = 0.08, 0.4810 for x = 0.16, and 0.4806 for x = 0.24, 
respectively. Correlation between magnetic domain type of 
ferrites and R values is as follows: Larger R values (R ≥ 0.5) 
indicate that ferrite is in a single magnetic domain, and 
smaller R values (R < 0.5) are expected only in the case of 
the formation of a multi-domain structure [39]. Therefore, 
Ba0.5Co0.5AlxFe12−xO19 (x = 0.0 and 0.08), calcined at 1150 °C, 
are of a single magnetic domain. Ba0.5Co0.5Al0.16Fe11.84O19 
and Ba0.5Co0.5Al0.24Fe11.76O19 samples are of a multi-domain 
type.

The magnetic moment of Ba0.5Co0.5AlxFe12−xO19 samples 
is estimated using the following relationship [41, 42]:

(7)�B = M ×Ms∕5585,

where M is the molecular weight of the composition, and 
Ms is the specific saturation magnetization (emu/g), ηB is 
the magnetic moment (µB). The dependence of magnetic 
moment (ηB) on calcination temperature and substitu-
tion content (x) for Ba0.5Co0.5AlxFe12−xO19 is shown in 
Fig. 10b. The magnetic moment of Ba0.5Co0.5Fe12O19 and 
Ba0.5Co0.5Al0.16Fe11.84O19 increases with the increase in 
calcination temperature; that of Ba0.5Co0.5Al0.08Fe11.92O19 
slightly decreases with the increase in calcination 
temperature. By contrast, the magnetic moment of 
Ba0.5Co0.5Al0.24Fe11.76O19 decreases with the increase 
in calcination temperature at first, then slightly increases 
at 1150 °C. Besides, the trend of the magnetic moment 
of Ba0.5Co0.5AlxFe12−xO19 decreases with the increase in 
substitution content (x). Ba0.5Co0.5Fe12O19, calcined at 
1150 °C, has the highest magnetic moment value (10.76 
µB); Ba0.5Co0.5Fe12O19, calcined at 950 °C, has the lowest 
magnetic moment value (8.67 µB).

The effective anisotropy constant  (Keff)  of 
Ba0.5Co0.5AlxFe12−xO19 is calculated using Eq. (8) [34].

where Hc is the coercivity and Ms is the specific saturation 
magnetization. The results are shown in Fig. 11. The effec-
tive anisotropy constants (Keff) of Ba0.5Co0.5AlxFe12−xO19, 
calcined at 950 and 1150 °C, exhibit non-linear variation 
with substitution content (x). By contrast, the effective ani-
sotropy constants (Keff) of Ba0.5Co0.5AlxFe12−xO19, calcined 
at 1050 °C, decrease with substitution content. The effec-
tive anisotropy constants (Keff) of Ba0.5Co0.5AlxFe12−xO19, 
calcined at 1050  °C, are 131725.3(0) erg/g for x = 0; 
103170.0(7) erg/g for x = 0.08; 96322.0(8) erg/g for x = 0.16; 
and 81697.4(3) erg/g for x = 0.24, respectively.

(8)Hc = 0.985Keff∕Ms,

Fig. 10   Dependence of squareness (Mr/Ms) (a) and magnetic moment (ηB) (b) of Ba0.5Co0.5AlxFe12−xO19 on substitution content (x) and calcina-
tion temperature
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4 � Conclusions

Al substituted M-type Ba-Co hexaferrite with composition 
Ba0.5Co0.5AlxFe12−xO19 (x = 0, 0.08, 0.16, and 0.24) was suc-
cessfully synthesized by the ball-milling assisted ceramic 
process. XRD and SEM analysis confirm the formation of 
M-type Ba-Co hexaferrite with platelet-like morphology 
when Ba0.5Co0.5AlxFe12−xO19 (x = 0, 0.08, 0.16, and 0.24) 
precursors are calcined at 950 °C in air for 3 h. Lattice 
parameters “a” and “c” values of Ba0.5Co0.5AlxFe12−xO19 
decrease with the increase in substitution content (x). Aver-
age crystallite size of Ba0.5Co0.5AlxFe12−xO19 sample, cal-
cined at 1150 °C, decreases obviously after substituting 
Fe3+ ions by Al3+ ions. The is because the bond energy of 
Al3+–O2− is much larger than that of Fe3+–O2−. Magnetic 
characterization indicates that substitution of Fe3+ ions by 
Al3+ ions can improve the specific saturation magnetizations 
and coercivity when Ba0.5Co0.5AlxFe12−xO19 precursors are 
calcined at 950 °C. However, when Ba0.5Co0.5AlxFe12−xO19 
precursors are calcined at 1050 and 1150 °C, specific satura-
tion magnetization of Al-substituted samples decreases with 
the increase in substitution content (x). Ba0.5Co0.5Fe12O19, 
calcined at 1150 °C, has the highest specific saturation mag-
netization value (56.07 emu/g), remanence (28.66 emu/g), 
and moment (10.76 µB); Ba0.5Co0.5Fe12O19, calcined at 
1050 °C, has the highest coercivity value (2401.03 Oe) and 
effective anisotropy constants (131725.30 erg/g). With the 
increase of doping content (x), magnetic domain type of fer-
rites, calcined at 1050 and 1150 °C, changes from a single 
magnetic domain to a multi-domain type. Based on a low 
value of coercivity, hexagonal Ba0.5Co0.5AlxFe12−xO19 is a 
kind of promising material for sensing and electromagnetic 
applications.
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