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Graphical abstract 
 

 

Abstract 
 

The synthesis and characterization of composition SrFe12-(x+y)MnxTiyO19 (x = y 

and x ≠ y) compound by using solid state reaction have been performed. 

The raw materials were SrCO3, Fe2O3, MnCO3, and TiO2. The mixed powder 

was compacted at 5000 psi into pellets and sintered at 1050°C in the air at 

atmosphere pressure for 15 hours and furnace cooling. The refinement 

results of x-ray diffraction pattern show that the doping composition (x = y) 

was a single phase while the doping composition (x ≠ y) was multi phase. 

We concluded that effect of substitution upon magnetic properties 

revealed that total magnetization, remanence and coercivity changed 

with substitution due to preferential site occupancy of substituted Mn2+ and 

Ti4+ ions. The coercivity decreases with increase in Mn and Ti concentration. 

This effect is related with Fe3+ magnetic moment changes after they have 

already substituted Mn2+ and Ti4+ ions. Since the coercivity and total 

magnetization may be controlled by substitution while maintaining resistive 

properties, making this material useful for microwave absorber.  

 

Keywords: Hexaferrite, substitution, manganese, titanium, phase, 

composition, and absorber 
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1.0 INTRODUCTION 
 

The electronic device which working at high 

frequency is often has a problem on the emission of 

high frequency noise such as electromagnetic wave 

interference (EMI) [1-2]. To eliminate the EMI is 

required a magnetic material which able to resonate 

at a specific frequency that is expected to absorb 

electromagnetic radiation is undesirable. Recently 

electromagnetic absorbing materials are being 

developed is the modification of ferrite-based 

magnetic materials because it has a high 

permeability relatively [3-10]. The problem faced in a 

ferrite-based magnetic material that will be the 

object of this study is the magnetocrystalline 

anisotropy constant of this compound has relatively 

high value of ~ 330 kJ/m3. This value is very high and 

causes the material has relatively large coercivity 

about ~ 1500 kA.m-1 which is needed as a 

permanent magnet [11-15]. However, as an absorber 

material of electromagnetic waves (microwave 

absorber) must have a coercivity value as low as 

possible so that the magnetic loss is low, but should 

still have a high value of the total magnetization. 

According to some literature it is mentioned that 

magnetic materials with the best absorption of 

microwaves, have a coercivity field of less than 1 

kOe [1, 3, 4, 6-12]. As for the other properties 

necessary for electromagnetic wave absorbing 

material is a high permeability magnetic and 

resistive. Thus the material was necessary modified in 

order to reduce the value of coercivity while 
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maintaining the high value of the total 

magnetization. This will be tracked through the 

engineering crystal structure of the material.  

According to González-Angeles et.al has 

reported that they have success to studied the 

structural and magnetic properties of 

Ba0.5Sr0.5(ZnTi)xFe12-2xO19 (where x = 0.2 to 0.6) 

ferromagnetic powders prepared by mechanical 

milling. The obtained x-ray diffraction patterns Page 2 

of 10 of Zn-Ti substituted (Ba,Sr)0.5M samples showed 

Magnetoplumbite phase formation for all substituted 

mixtures; no other secondary phases were detected. 

Scanning electron microscope analyses revealed 

that all processed samples possess particle size much 

below 1 μm and may exhibit promising magnetic 

and dielectric properties. Magnetic measurements 

showed that the intrinsic coercivity, Hci, and 

remanent magnetization, Mr, decreased as the 

substitution took place, while the saturation 

magnetization, Ms, remained almost constant 

(diminution ~ 9%). Hci, decreased from 389.92 down 

to 171.88 kA/m that represents a 56% drop, whilst Mr 

registered a fall of ~ 17%. [16]. Meanwhile Charanjeet 

et.al has reported that they have success to 

synthesize M-type hexagonal ferrite 

Ba0.5Sr0.5CoxRuxFe(12-2x)O19 (x = 0 to 1.2). The Co and 

Ru ions substitution cause increase in saturation 

magnetization and rapid decrease in 

magnetocrystalline anisotropy at lower substitution. 

The magnetic parameters variation has been 

explained by taking into account preferential site 

occupancy of sublattice sites by substituted ions. 

Curie temperature decreases with substitution due to 

weakening of superexchange interaction [17]. This 

study will be carried out strontium hexaferrite 

modification by manganese and titanium substituted 

iron atoms. Effect of substitution upon magnetic 

properties revealed that total magnetization, 

remanence and coercivity is also expected 

changed with substitution due to preferential site 

occupancy of substituted Mn2+ and Ti4+ ions. Since 

the coercivity and total magnetization is assumed 

able to be controlled by substitution, so required 

understanding about how much the maximum 

number of manganese and titanium atoms that able 

to substituting iron atom without changing the 

structure and its effect on the magnetic properties of 

this system. So the aims of this research synthesized 

strontium hexaferrite modification by manganese 

and titanium substituted iron atoms and understood 

changes in the phase and magnetic properties of 

this material.  

 

 

2.0 METHODOLOGY 
 

The synthesis of SrFe12-(x+y)MnxTiyO19 (x = y and x ≠ y) 

material was performed by using the solid reaction 

method. This magnetic material is prepared by oxide 

materials, namely SrCO3, Fe2O3, MnCO3, and TiO2, 

then weighed for each composition according to 

the stoichiometric rules following the reaction 

equation as follows:  
 

SrCO3 + (6-½(x+y))Fe2O3 + xMnCO3 + yTiO2   

SrFe12-(x+y)MnxTiyO19 + (1+x)CO2 

 

The four of raw materials are mixed by using a high-

energy milling (HEM) type Spex 8000 for 10 hours at 

room temperature. The finely mixed powder was 

compacted at 5000 psi into pellets and sintered in 

the electric chamber furnace THERMOLYNE at 

1000°C in the air at atmosphere pressure for 10 hours.  

The phase qualitative and quantitative of analysis 

were carried out using the PW1710 Philips 

diffractometer equipped (XRD), 30 kV tube voltage, 

25 mA tube current, CuK radiation (λ = 1.5406 Å), 2θ 

angle from 20° up to 80°, continuous-scan mode, 

step size of 0.02°, and time per step of 0.5 s. The 

Rietveld analysis was performed applying GSAS 

(general structure analysis system) program [18]. The 

surface morphology and element identification of 

the sample were analyzed by using the JEOL (JED-

2300) scanning electron microscope (SEM) and 

energy dispersive spectroscopy (EDS), respectively. 

The magnetic properties were measured by vibrating 

sample magnetometer (VSM-OXFORD VSM1.2H) with 

external field from -1 up to 1 T. 

 

 

3.0 RESULTS AND DISCUSSION 

 

The identification results of measurements by x-ray 

diffraction on the samples show that the SrFe12-

(x+y)MnxTiyO19 (x = y = 0, 1.5, and 3) has been well 

established as shown in Figure 1.  
 

 
Figure 1 X-ray diffraction pattern of the SrFe12-(x+y)MnxTiyO19 (x 

= y = 0, 1.5, and 3) 

 

 

In Figure 1 shows that all the samples had been 

formed peaks are believed to have the same Miller 

index. The phase identification referred to the 

Crystallography Open Database (COD: 1008841). 

According to the Hanawalt table showed that the 

samples of SrFe12-(x+y)MnxTiyO19 (x = y = 0, 1.5, and 3) 

can be identified as single phase. Since the 

Hanawalt table only can be used to qualitative 

analysis, the GSAS software is used for quantitative 
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analysis. In Figure 2 was shown the refinement result 

of x-ray diffraction pattern of SrFe12-(x+y)MnxTiyO19 (x = y 

= 0, 1.5, and 3) samples. 

 

 

 

 
Figure 2 Refinement result of XRD pattern on SrFe12-

(x+y)MnxTiyO19 (a) x = y = 0, (b) x = y = 1.5, and (c) x = y = 3 

 

 

The factors of quality of fitting of R (criteria of fit) χ2 

(goodness of fit) have been valued of minimum, and 

the allowed of χ2 is less than 1.3. Figure 2 shows that 

the profile is in good agreement among the 

observation and calculations. The refinement results 

of x-ray diffraction pattern shows that the SrFe12-

(x+y)MnxTiyO19 (x = y = 0) sample is single phase with 

hexagonal structure, space group of P 63/m m c, the 

lattice parameters of a = 5.8849(2) Å, b = 5.8849(2) Å 

and c = 23.065(1) Å, α = β = 90o and γ = 89.63(1)o, V= 

691.79(8) Å3, ρ = 5.022 gr.cm-3, wRp = 16.30, and χ2 

(chi-squared) = 1.297. Further confirmation was 

measuring the elemental analysis and observation of 

surface morphology on the samples to determine the 

particle distribution, homogenous, and its 

composition by using SEM-EDS equipment.  

The elemental analysis and observation of surface 

morphology on the SrFe12-(x+y)MnxTiyO19 shows that the 

sample has been well established as shown in Figure 

3. 

 

 

 

 

Figure 3  Surface morphology and elemental analysis of the 

SrFe12-(x+y)MnxTiyO19 

 

 

Figure 3 shows that all samples with the 

composition x = y have homogeneous and uniform 

particle shapes. This means that each sample with 

the composition x = y contains the same phase. 

 
Table 1 The results of element analysis by using energy 

dispersive spectroscopy 

 

Element 
Content (wt.%) 

x = y = 0 x = y = 1.5 x = y = 3 

Strontium (Sr) 8.28 ± 0.29 8.24 ± 0.49 8.37 ± 0.19 

Iron (Fe) 63.13 ± 0.26 45.32 ± 0.19 33.81 ± 0.19 

Manganese (Mn) - 8.96 ± 0.19 14.97 ± 0.19 

Titanium (Ti) - 8.94 ± 0.10 13.64 ± 0.10 

Oxygen (O) 28.59 ± 0.10 28.54 ± 0.16 29.21 ± 0.15 

 

 

So that required further analysis of the element 

content in the samples use energy dispersive 

spectroscopy. The elements content of the SrFe12-

(x+y)MnxTiyO19 are shown in Table 1. 
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EDS spectra shows that the sample had composition 

in accordance to stoichiometric composition. 

Therefore, these results need further confirmation by 

measurement of magnetic properties by using 

vibrating sample magnetometer to know the effect 

of substitution upon magnetic properties revealed 

that total magnetization, remanence and coercivity 

as shown in Figure 4. 

The hysteresis loops in Figure 8 for SrFe12-

(x+y)MnxTiyO19 (x = y = 0, 1.5, and 3), and show the 

magnetic data and summarized in Table 2. 
 

 
Figure 4 The hysteresis loops of the SrFe12-(x+y)MnxTiyO19 (x = y = 

0, 1.5, and 3) 

 

 

The hysteresis loop consists of intrinsic saturation 

Ms, remanence Mr, and coercivity Hc. This saturation 

is the state when the material cannot absorb a 

stronger magnetic field such that an increase of 

magnetization force produces no significant change 

in magnetic flux density. The remanence Mr, for the 

samples shows the magnetization left behind in a 

medium after the external magnetic field has been 

removed, and coercivity also called the coercive 

force of a material is equal to the demagnetizing 

force required to reduce residual induction to zero in 

a magnetic field after magnetizing to saturation. 

Figure 4 appear that magnetic characterization 

show that the coercivity for x = 0 was 1510 Oe 

decrease drastically to 253 Oe for x = 0.3. In other 

hand that the coercivity decrease with increase in 

Mn and Ti concentration. This effect is related with 

Fe3+ magnetic moment changes after they have 

already substituted Mn2+ and Ti4+ ions. 

 
Table 2 Summary of magnetization measurement for x = y 

samples 

 

Composition 

(x) 

Magnetic parameter 

Ms (emu/g) Mr (emu/g) Hc (Oe) 

0.0 67.37 45.03 1510 

1.5  57.51 38.97 428 

3.0 21.38 10.01 253 

 

 

An absorber material of electromagnetic waves 

(microwave absorber) must have a coercivity value 

as low as possible so that the magnetic loss is low, but 

should still have a high value of the total 

magnetization. It means that the sample have a low 

coercivity and high magnetization is SrFe12-

(x+y)MnxTiyO19 (x = y = 1.5).  
 

 
Figure 5 X-ray diffraction pattern of the SrFe12-(x+y)MnxTiyO19 (x 

= y, x < y and x > y) 
 

 

However how much the maximum number of 

manganese and titanium atoms (x = y and x ≠ y) that 

able to substituting iron atom without changing the 

structure and its effect on the magnetic properties of 

this system. Therefore in Figure 5 is showed the result 

of XRD measurement on the SrFe12-(x+y)MnxTiyO19 (x = y, 

x < y and x > y, with x + y = 3). 
 

 

 
Figure 6 Refinement result of XRD pattern on SrFe12-

(x+y)MnxTiyO19 (a) x < y and (b) x > y 
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In Figure 5 shows that the samples had been formed 

peaks are believed to have the same Miller index for 

x = y, however it was found unknown peaks for x < y 

and x > y. In Figure 2 was shown the refinement result 

of x-ray diffraction pattern of SrFe12-(x+y)MnxTiyO19 (x < y 

and x > y) samples. 
Figure 6 showed that the profile is also in good 

agreement among the observation and calculations. 

The refinement results of X-ray diffraction pattern 

shows that the SrFe12-(x+y)MnxTiyO19 shows a single 

phases for x = y and the sample is multi phase for x < 

y and x > y. 
This result is in accordance to the calculation 

results of the mass fraction as shown in Table 3. 

 
Table 3 Mass fraction of the SrFe12-(x+y)MnxTiyO19 (x < y and x > 

y) samples 

 

Sample Phase 
Mass 

fraction 
wRp χ2 

x < y  

x = 1.2 and 

y = 1.8  

SrFe12O19  67.03 % 

20.38 1.306 Fe2TiO5 31.87 % 

FeMnO3 1.11 % 

x > y  

x = 1.8 and 

y = 1.2  

SrFe12O19  65.38 % 

18.56 1.249 Fe2TiO5 2.79 % 

FeMnO3 31.83 % 

 

 

The elemental analysis and observation of surface 

morphology on the SrFe12-(x+y)MnxTiyO19 (x < y and x > 

y) are shown as in Figure 7. 

 

 

 
Figure 7 Surface morphology and elemental analysis of the 

samples (x < y and x > y) 
 

 

The elements content of the SrFe12-(x+y)MnxTiyO19 (x 

< y and x > y) are shown in Table 4. 

 

 

 

 

 

 

 

Table 4 The results of element analysis by using energy 

dispersive spectroscopy  

 

No. Element 

Content (wt.%) 

x = 1.2 and y 

= 1.8 (x < y) 

x = 1.8 and y 

= 1.2 (x > y) 

1.  Strontium (Sr)  8.38 ± 0.15  8.04 ± 0.13  

2.  Iron (Fe)  42.49 ± 0.16  44.46 ± 0.14  

3.  Manganese (Mn)  7.55 ± 0.16  10.39 ± 0.14  

4.  Titanium (Ti)  9.01 ± 0.09  6.03 ± 0.08  

5.  Oxygen (O)  32.57 ± 0.16  31.08 ± 0.10  

 

 

EDS spectra shows that the dominant elements 

were strontium (Sr), iron (Fe), manganese (Mn), 

titanium (Ti), and oxygen (O). The microstructure 

observation shows that the particles consist of the 

varied shapes. It means that the microstructure result 

supported the XRD result that the samples are 

suspected consist of more than one phase. 

Therefore, these result is also required further 

confirmation by measurement of magnetic 

properties by using vibrating sample magnetometer 

to know the effect of x and y composition on the 

magnetic properties revealed that total 

magnetization, remanence and coercivity as shown 

in Figure 8. 

 

 
Figure 8 The hysteresis loops of the SrFe12-(x+y)MnxTiyO19 (x = y 

and x ≠ y). 

 

 

The magnetic data and summarized was shown in 

Table 5. 
 

Table 5 Summary of magnetization measurement for x ≠ y 

samples 

 

Sample 
Magnetic parameter 

Ms (emu/g) Mr (emu/g) Hc (Oe) 

x = 1.2 and y  =1.8  13.24 6.42 343 

x = 1.2 and y = 1.8 13.20 6.41 258 
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Figure 8 appear that magnetic characterization 

show that the remanence for x = y = 1.5 was 38.97 

emu/gr decrease drastically to 6.42 emu/gr for x ≠ y. 

In other hand that the remanence decrease with 

change in Mn and Ti composition. It is suspected that 

there is a hexagonal ferrite phase in the particles but 

the presence was not confirmed in the x-ray 

diffraction profile, presumably due to its extremely 

small fraction. 

 

 

4.0 CONCLUSION 
 

In this research has successfully synthesized sample of 

SrFe12-(x+y)MnxTiyO19 (x = y and x ≠ y). In this study has 

managed to understand the characteristics of the 

iron atom substitution in the manganese atoms in the 

SrFe12-(x+y)MnxTiyO19 (x = y and x ≠ y). The refinement 

results of x-ray diffraction pattern showed that the 

doping composition (x = y) was a single phase while 

the doping composition (x ≠ y) was multi phase. the 

substitution increases density and inter grain 

connectivity in the microstructure of sintered 

samples. Effect of substitution upon magnetic 

properties revealed that total magnetization, 

remanence and coercivity changed with substitution 

due to preferential site occupancy of substituted 

Mn2+ and Ti4+ ions. The coercivity decreases with 

increase in Mn and Ti concentration. This effect is 

related with Fe3+ magnetic moment changes after 

they have already substituted Mn2+ and Ti4+ ions. 

Since the coercivity and total magnetization may be 

controlled by substitution while maintaining resistive 

properties, making this material useful for microwave 

absorber. 
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