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Ilmenau University of Technology, Institute of Material Engineering                                             

Department of Inorganic – Nonmetallic Materials 
 

ABSTRACT 
 

Barium hexaferrite (BaFe12O19) has attracted much 
attention for microwave device applications because 
of its large uniaxial magnetocrystalline anisotropy, 
high resistivity and permeability at high frequencies 
[1]. 
The chemical substitutions of iron by titanium show 
that it strongly affects the magnetic properties and 
improve the microwave properties. 
Such modified barium hexaferrite powders were 
obtained following the glass crystallization technique 
(GCT) using the basic composition (mole-%): 40 BaO 
+ 33 B2O3 + (27-x) Fe2O3 + x TiO2, with different 
melt doping rates of TiO2 [2]. 
For the characterizations of the powders chemical 
analyses, X-ray diffraction, SEM, vibration sample 
magnetometer and measurement of the microwave 
heating were used to obtain their structure and their 
magnetic properties. 

 
Index Terms – Ferrite, crystallization, cation 

substitution, magnetic properties. 
 

1. INTRODUCTION 

The regular barium hexaferrite (BHF) has the 
crystal structure of the mineral magnetoplumbite (see 
Figure 1).  

 
Figure 1 Unit cell of BHF based on two formula of 

BaFe12O19 [3] 

It belongs to the group of hexagonal ferrite of the 
so-called M-type. The crystallographic unit cell 
contains two molecules of the chemical composition 
BaFe12O19.  

 
Within the basic structure the Fe3+ ions occupy 

five different interstitial sites. Three sites named 12k, 
2a and 4f2 have an octahedral coordination, one site 
4f1 has a tetrahedral coordination and the 2b site has a 
five-fold coordination with the oxygen ions. The 
number in the expression of the different sites 
indicates the number of Fe3 + ions per unit cell [3-5]. 

 
The magnetic moments of the iron ions are aligned 

collinear to the hexagonal c-axis. The ordering of the 
magnetic  moments of  the ferric   ions and the   
strong  
superexchange interaction over the oxygen ions 
explains the excellent magnetic behavior of this 
material. Opposite spin directions cause a 
ferrimagnetic structure [3, 5]. 
 

It is known that Fe ions provide the largest positive 
contribution at the 2b site, a relative weak positive 
contribution at the 12k and 2a sites, and a negative 
contribution at the 4f1 and 4f2. In Table 1 are 
summarized the crystallographic and magnetic 
properties of the five lattice sites of barium 
hexaferrite.   

 

 
Table 1 Spin directions for the Fe+3 cation sublattices 

of M-type barium hexaferrite [6] 
 

Hence the substitutions of other ions for Fe ions 
could lead to changes of the magnetic structure and 
magnetic properties. 
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M-type doped BHF has been intensively studied; 
the idea of doping the BHF is to improve the 
magnetic properties, in order to change the 
magnetocrystalline anisotropy. There is a possible a 
wide range of cation substitutions in BHF according 
to Kojima [7].           Ti - doped BHF BaFe12-xTixO19 
obtained using the conventional ceramic method was 
investigated in [8] and [9]. 

 
In [8] it is estimated according to neutron and      

X-ray diffraction experiments that at low 
concentrations the Ti4+ ions (x ≤ 0.2) occupy 
preferentially the octahedral 4f2 sites of the 
magnetoplumbite structure. Simultaneously with the 
Ti4+ substitution an equivalent amount of Fe3+ ions 
has to be converted into Fe2+ ions, which are probably 
situated as nearest neighbors in the same sublattice as 
the Ti4+ ions are located in the 4f2 sites. The result of 
this substitution is an increase of the c-lattice 
parameter, in spite of the smaller Ti4+ radius 
compared with Fe3+. Also higher magnetic anisotropy 
constants K1 were measured. However with larger 
doping rates K1 decreased again. That applies also to 
the saturation magnetization MS. That contradicts the 
expectations. If the Ti4+ ions are located on the 4f2 
sites, then MS must increase, because the magnetic 
moment of the Ti4+ ions is zero and the spin direction 
of the lattice site 4f2 is down. The Ti4+ ions are also 
installed on other lattice sites (with spin-up 
directions) or the collinear magnetic structure is 
disordered due to the change of the exchange 
interactions to the immediate neighbours.   

 
According to the results in [9] the magnetic 

properties (MS, K1) of the doped samples (x ≤ 2) are 
smaller than the values of undoped BHF samples. 
This behavior attributed to the superposition of two 
independent factors: the limitation of the collinear 
adjustment of the magnetic moments aligned along 
the preferred magnetic crystallographic easy axes, and 
the unequal replacement of Fe3+ by Ti4+ ions in the 
octahedral (75%) and tetrahedral sites (17%).  
 

In this work, we are looking for the possible Ti4+ 
ion substitutions in BHF by the glass crystallization 
technique to change the magnetic properties (JHc and 
MS) of BHF and study the dependences of the 
properties on the substitution rate. 

Applications of Ti4+ doped BHF powders are 
micro wave absorbing materials in order to  
• reduce the electromagnetic radiation exposure on 

biological systems or  
• assure the safe operation of instruments and 

equipments as well as the security (prevention of 
wireless signal leakages) or 

• facilitate the modern applications fundamentally 
and/ or with larger efficiency. 

 

2. EXPERIMENTAL PROCUDURE 

The doped flakes were synthesized according to 
the GCT using the basic composition 40 mole-% BaO 
+ 33 mole-% B2O3 + (27-x) mole-% Fe2O3 +xTiO2.   
The different melt dopings were x= 1.8, 3.6, 5.4, 7.2 
and 9.0 mole-% TiO2 and the respective flakes were 
named according to the Table 2. 

 
The flakes Ti0_01 correspond to the undoped BHF 

and were used as a reference to analyze the effect of 
the grade of substitution. 

 

 
Table 2 Name of flakes according to the melt dopings 

 
GCT is a technique for preparing submicron to 

nanoscaled particles of doped barium hexaferrite and 
this involves  

 
• the synthesis of an intermediate glassy phase 

in the ternary phase system Fe2O3-BaO-
B2O3, 

• the crystallization of the ferrite particles 
from the amorphous phase as well as  

• the separation of the ferrite particles from the 
glass phase. 

 
Figure 2 shows a schematic representation of the 

GCT. [9] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 Diagram showing the doped BHF powders 

preparation process using GCT 
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The raw materials BaCO3, Fe2O3, H3BO3 and TiO2 
were dried for 24 h at 100°C before weighing them, 
and then they were mixed and homogenized.  
A Pt crucible was filled with the raw materials; it was 
introduced inside an electric furnace at 1350°C for 2 
hours. 
After 2 hours the primary melt was cooled over the 
cold plate at 8°C for 15 minutes to obtain the        
primary melt. 
The primary melt was powdered and sifted up to a 
size of 125 µm and in this way the “intermediate 
material” was obtained. 
This material was melt again in the Pt-crucible with 
an outlet nozzle at 1350°C using a rapid quenching 
machine. 

 
The droplets are quenched between two rotating 

steel rollers with a surface temperature of 8°C and a 
speed of 130 min-1 and thus cooled down rapidly. In 
this way amorphous flakes were formed with a 
thickness of approx. (75 – 100) μm, a length of 
approx. 70 µm and a width of approx. 45µm. 
 

In order to obtain the barium hexaferrite powders 
it was necessary to anneal the flakes in a furnace at a 
temperature higher than the glass transformation 
temperature but below the melting [1]. 
 

The necessary annealing temperature was 
determinated by Differential Scanning Calorimetry 
(DSC). In addition the samples were powdered so that 
the particle sizes were < 63 µm. 
 

The used process parameters for the crystallization 
are shown in the next Table: 
 

 
Table 3 Temper conditions 

 
Samples of 10 g were tempered under the 

conditions described in Table 3. The heating rate was 
quite high, since the samples were placed from room 
temperature directly into a pre-heated furnace, was 
the same for all the samples, as well as the tempering 
time period (2 hours) and the tempering temperature 
(840°C). 
 

For the case of flakes Ti5_01 two additional 
tempering temperatures (680°C and 800°C) were used 
to analyze its particular crystallization behavior. 

After tempering, the material must be powdered 
and sifted (< 63μm) again.  

The purpose was to get a particle size suitable for the 
acid treatment process in order to dissolve completely 
the borate glass matrix. Each sample was treated with 
100 ml of acetic acid (20% CH3COOH) and heated 
for 30 min at 97°C. 
 

The ferrite particles were separated from the 
solution with a magnet; these was carefully rinsed and 
centrifuged at 7500 min-1, and finally dried at 120°C. 
In this way the dispersed monocristalline BHF 
powders were obtained. 

3. RESULTS AND DISCUSSION 

In Figure 3 the DSC - signals for undoped and 
different doped flakes in dependence on the 
temperature are shown. 

 

 
Figure 3 Comparison of the DSC - signals for 

undoped and different doped flakes at the heating rate 
of 5K/min in air in dependence on the temperature 

 
We can clearly observe in the DSC curves for each 

doped flake four exothermic peaks at different 
temperatures and the Glass Transition Temperature 
(Tg). The temperature values for the 4 peaks and Tg 
obtained for each sample are shown in Table 4; these 
values change according to the amount of dopant.  

 

 
Table 4 Temperature values of the peaks of the DSC 
curves and mass change of TG curves for undoped 

and doped BHF 
 
The Ti0_01 (undoped flakes) is used as a control 

for observing the crystallization behavior when 
increasing the melt doping of Ti.  
 



We can observe in Table 4, that the Tg values 
hardly change for small melt dopings (< 5.4 mole-% 
TiO2), but Tg, increases with increasing melt dopings. 
Apparently the Ti substitutions slightly modify this 
characteristic point and it is located around                  
494.0 ± 7.9 K.  
Further the results show a consistent increase in the 
temperature value for peaks 2 and 4 with increasing 
melt doping, whereas peak 3 presents an incoherent 
behavior at increasing melt dopings. 

 
The crystallization of flakes without and with other 

dopings (e.g. Co2+/Ti4+, Mn2+/Ti4+) is widely 
investigated with simultaneous studies of DSC, XRD 
and TEM to analyze the phases formed during the 
annealing. [10-12] 
 

From these investigations the first peak does not 
correspond to formation of new phases (no new peaks 
in the corresponding XRD diagram), it represents the 
oxidation of Fe2+ to Fe3+. 
The second peak results from the precipitation of an 
iron-rich phase not yet clearly identifiable with a 
particle size of about D ~ 5nm. 
The third peak corresponds to the precipitation of 
BaB2O4 and the early stages of the crystallization of 
barium hexaferritic particles at nanometric level, with              
D ~ 20 nm. 
The fourth peak corresponds to the further growth of 
BHF crystals, D ~ 50 nm. These crystals have a 
hexagonal bipyramidal morphology within a BaB2O4 
matrix. 
 

At temperatures higher than the fourth peak, the 
typical hexagonal plates, characteristic for BHF, are 
obtained. The BHF particles sizes are in the range                           
50 nm up to 500 nm depend on the dopings (type and 
rate). 

 
In the Figure 4 TG analyzes for all samples are 

shown, the behavior of the mass increase with 
increasing temperature can be seen. A mass increase 
is observed between 300 and 600 ºC.  
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Figure 4 TG-curves for undoped and different doped 
flakes in dependence on the temperature at heating 

rate of 5 K/min in air 

It results from an oxidation by oxygen absorption 
from air and diffusion into the flakes. The Fe2+ ions 
contained in the flakes oxidize to Fe3+ [12].  

 
Here, a lower increase of mass is observed with 

increasing melt doping x ≥ 5.4 mole-%. The 
corresponding mass change values are shown in       
Table 4. 

 
For the case of flakes Ti5_01, new exothermic 

peaks appeared in the DSC diagram at about 710°C 
and 825°C. Therefore these flakes were investigated 
at tempering temperatures 680°C and 800°C in order 
to analyze the phases of this doped material [2]. 

 
The X-ray diffraction diagrams of all the powders 

are show in Figure 5. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 5 Comparison of the XRD-diagrams for 

undoped and Ti-doped BHF powders 
 

X-ray diffraction measurements confirm that the 
Ti0b_01, Ti1b_01 and Ti3b_01 powder samples are 
single phase. The diffraction patterns correspond to 
the Card Nº 43-0002 for undoped BHF which proves 
that the crystal structure remains essentially 
unchanged. However, there is a significant difference 
in the relative intensities of the peaks; the relative 
intensities of the peaks decrease when the melt 
doping concentrations increase. This is possibly due 
to a deformation of the host lattice and the decreasing 
of the crystal sizes (see Figure 10). Starting from melt 
dopings ≥ 5.4 mole-% (Ti5b_01, Ti7b_1 and 
Ti9b_01) small peak at 2θ= 32.4° related to BaTi6O13 
can be observed. This reveals the formation of a new 
phase and corresponds with the DSC analyses in 
Figure 3. 

Analyzing the effect of the tempering temperature, 
we can observe in Figure 6 that for the Ti5c_01 
sample at a tempering temperature of 800°C, the peak 
at 2θ= 32.4° is not observed; the diffraction lines for 
this sample correspond to the BHF pattern. There are 
no extra lines, which leads to believe that a single 
phase is only formed under these conditions. 
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Figure 6 Comparison of the XRD-diagrams for Ti-

doped BHF powders Ti5b,c,d - Effect of the 
tempering temperature. 

 
For Ti5d_01, X-ray diffraction shows that there is 

not a complete crystallization. This temperature is not 
sufficiently to receive the full formed crystalline 
structure of BHF.  
Thus it is clear that this new phase observed for          
x ≥ 5.4 mole-% in the Figure 5, forms at higher 
temperatures (here: at 840 ° C). 

 
Figure 7 shows that most of the Ti ions get into 

inside the ferrite phase during the crystallization. 
From the amounts of raw materials we calculated the 
theoretical substitution ratio in the power (“x” in BHF 
formula) and from the ICP results these values are 
also obtained.  
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Figure 7 Cation substitutions in dependence on melt 

doping for BHF 
 
The broken line in Figure 7 shows the expected 

theoretical behavior and the red line the real behavior. 
For melt dopings < 5.4 mole-% the values are  
approx. identically. However, if the increasing of the 
melt doping continues the linearity is lost because the 
new phase BaTi6O13 is formed. The difference is 
largest in the Ti9b_01 sample. Powder dopings to x ≈ 
2 are obtained.  
 

Density measurements at the powders confirm the 
partial substitution of iron ions by titanium ions. 

In the following figure we can observe the change 
of density in dependent on the substitution rate x. 
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Figure 8 Density of Ti doped BHF powders in 
dependent on the substitution rate x and comparison 

of the density obtained by conventional ceramic 
method [8] 

 
The powder density decreases linear when the 

substitution rate increases. This is understandable 
because the atomic mass of Ti4+ is smaller than the 
Fe3+. 
Also Figure 8 shows a comparison between the 
variation of density for the Ti doped BHF obtained by 
means of GCT and the conventional ceramic method. 
The densities obtained by GCT are closer to the 
theoretical densities than those obtained by the 
conventional ceramic method in [8]. 

 
The SEM micrographs of the synthesized powders 

are shown in Figure 9. 
It is to be noticed that the particles of all samples 
exhibit a plate-like, nearly hexagonal shape. The 
samples obtained at the same tempering conditions 
show acceptable quality of the crystallization. 

A variation in the melt doping concentrations 
alters the size of the BHF platelets. This is 
understandable, because the radius of Fe3+ (0.67 Å) is 
larger than that of Ti4+ (0.61 Å). 
In addition the melt doping influences the nucleation 
und the crystal growth. This behavior is shown in the 
Figure 10. 

The diagonal (a*50) of the platelets varied between 
50 and 270 nm. The crystal sizes of undoped BHF 
powders are largest and then a*50 decreases with 
rising melting doping and after a*50 increases again.  

Assumedly, first the melt doping of the barium 
borate melts with TiO2 promotes the nucleation of 
BHF, so that at the same annealing conditions the 
number of nucleus increases with the melt doping, 
however its growth is limited due to the existing 
quantities. That leads to smaller crystal sizes.             
At higher doping concentrations (> 5.4 mole-% TiO2) 
a*50 increases due to the formation of further phases 
(BaTi6O13, see Figure 5). 
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Figure 9 SEM micrographs for BHF powders with 
different doping concentrations 

a) Ti0b_01(0 mole-%), b) Ti1b_01(1.8 mole-%),       
c) Ti3b_01(3.6 mole-%), d) Ti5b_01(5.4 mole-%),     
e) Ti5c_01(5.4 mole-%), f) Ti5d_01(5.4 mole-%),     
g) Ti7b_01(7.2 mole-%), h)Ti9b_01(9.0 mole%) 
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Figure 10 Dependencies of a*50 for the Ti-doped BHF 
powders by variation of melt doping concentration 

The interest in this work was to study a possible 
influence of Ti ions substitution in decreasing the 
anisotropy. This would be reflected in a lower JHC 

and a higher saturation MS when the Ti4+ ions 
occupied the 4f2 sites in the structure of BHF. 

 
We observed in Table 5 that a small substitution of 

Ti does not have a pronounced effect on static 
magnetic properties, larger concentrations have the 
desired effect on the JHC but MS also decreased, this 
should not happen if the Ti4+ ions occupy only the 
positions 4f2, so that we can assume these ions 
occupy other positions in the lattice of BHF. 

 

 
Table 5 Magnetic properties, density and 

crystallization conditions of Ti-doped BHF powders 
 

Figure 11 shows the dependences of JHC and MS 
with the melt doping concentration at same tempering 
conditions (see full line curves). 
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Figure 11 Dependencies of coercitivity and saturation 
magnetization for Ti-doped BHF powders by 

variation of melt doping concentration 
 
An irregular variation in the static magnetic 

properties can be recognized with increasing melt 
dopings 2x. However, the tendency shows that the 
magnetic properties of the original hard magnetic 
behavior of BHF powders can be shifted to soft 
magnetic behavior, also with Ti- dopings. But, a new 
phase develops for melt dopings ≥ 5.4 mole-% TiO2. 
Without change the crystallographic structure (M-
type) succeeds only if one anneals the sample Ti5_01 
with 800 °C. Then the jHc continues to decrease, 
however the saturation magnetization decrease 
likewise (see broken lines in Figure 11).   
 

The behavior of these magnetic properties are not 
similar to others doped BHF powders e.g. Co2+/Ti4+, 
Mn2+/Ti4+ [15]. At only Ti4+ doped BHF powders the 
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MS remains almost constant with small melt dopings, 
but the jHc decreases too slowly and a new phase 
develops. That can affect with controlled 
crystallization. The detailed investigation of the 
crystallization behavior of TiO2 doped rich iron 
barium borate melts will be a topic of the research in 
the future.  
 

For the quantitative characterization of the 
microwave absorption the heating curves ΔT(t) of the 
powders are determined in a special prepared 
microwave oven at 2,45 GHz with an IR sensor        
(see Figure 12). 

The powders were pressed in a quartz crucible. 
The powder mass and compression is equal for all 
measurements, so that the heating curves can be 
compared directly [16]. 
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Figure 12 ΔT-t Diagram of the BHF containing 

different amounts of dopants 
 

As we can observe in Figure 12, the heating curve of 
the Ti7b_01 sample exhibits the highest temperature 
values. This powder absorbs best die microwave 
radiation. In contrast to it the temperature increase of 
the quartz crucible and also the powder Ti0b_01 is 
negligibly small. Both not absorb microwave energy.  

Not a lot of difference exists in absorption among 
the samples Ti5b_01 and Ti5c_01, however in 
Ti5d_01 the absorption is null, here the crystallization 
temperature is much lower than the previous ones and 
therefore the phase formation is insufficient (see 
Figure 6). 

 
Figure 13 shows the relation between the different 

melt dopings (x = 1.8, 3.6, 5.4, 7.2 and 9.0 mole -% 
TiO2) and the calculated heating rate ΔT/Δt 
corresponding to the registered temperature within the 
range from 1 to 2 s. 

This diagram confirms that the powder Ti7b_1 
exhibits the best absorptive capacity and the 
dependence on the doping is nonlinear. Also for this 
detailed investigations are necessary in the future. 
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Figure13 Heating rate ΔT/Δt depending on the melt 
doping 2x (mole-%) 

 

4. CONCLUSIONS 

Concerning synthesis procedures of the Ti doped 
BHF, GCT allows to control both: particle size and 
morphology. We obtained powders with different 
particle sizes and a platelet-like shape. Powders 
dopings up to x ≈ 2 were obtained. With the 
installation of the Titatium ions in BHF a certain part 
remains bivalent iron ions. In resuming work the 
assumption of the valence stability should be 
confirmed with XPS (X-ray Photoelectron 
Spectroscopy) measurements. 

 
By XRD it was demonstrated that a new phase 

develops in the samples Ti5b_01, Ti7b_01 and 
Ti9b_01, which corresponds to BaTi6O13. This phase 
can be eliminated if the flakes are annealed at smaller 
temperatures. But the crystallization behavior in 
dependence of the temperature must be known. In 
addition further investigations are necessary. 

 
The results of this study show that the magnetic 

properties depend on the melt doping rate. However, 
this behavior is not similar to others doped BHF 
powders e.g. Co2+/Ti4+, Mn2+/Ti4+ [15]. 
At low concentrations of Ti4+, the JHC is not 
influenced, but with high concentrations the JHC 
decreases as it is know. The MS decreased when 
increases concentrations of Ti4+. Thus also with the 
glass crystallization technique the Ti4+ ions do not 
only occupy the position 4f2, otherwise the saturation 
magnetizations MS would have to increase. 
The powders should also be analyzed by Mössbauer 
spectroscopy and neutron diffraction to determine the 
location of all the ions in the lattice. It is possible that 
with a progressive Ti substitution, the Ti4+ ion 
occupies other type of sites, for example places like 
12k, 2b or 2a. 

 
According to MS and JHC measurements, the 

substitution of Fe3+ by Ti4+ is related to the observed 
improvement of the dielectric properties at microwave 



frequencies of barium hexaferrites, so that it is 
possible to use this ferrite as a microwave absorber. 
That proven with measurements of the heating curves 
ΔT(t) in a special prepared microwave oven at 2,45 
GHz. Ti7b_1 exhibits the best absorptive capacity. 
The heating rate in the microwave field amounts 
approx. 50 K/s. 
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