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Abstract 
The traditional processing route for the fabrication of barium ferrite is 
based on powder metallurgy, however, over the last 10 years have 
appeared many publications reporting magnets produced by mechanical 
alloying . 
In this study microstructure and properties of nanocrystaline barium 
hexaferrite obtained by mechanical alloying, either in water or air, was 
investigated. 
In the case of powders obtained by milling in water a grain size about 
100 nm was produced. Bulk samples processed by shock compacting 
contained, a few micrometers in size, Ba-reach areas. In the same way, 
prepared specimens from powders milled in air did not contain 
precipitates and the grain size was about 100 nm. Shapes of the histeresis 
loops, and specifically the shape of the initial magnetization curve, 
evidenced differences in magnetization mechanisms for the specimens 
milled in different media. After milling in water the demagetization occurs 
by, characteristic for sinetered ferrites, mechanisms dominated by 
nucleation of reverse domains. However the curve shape for the ferrites 
prepared by milling in air evidences substantial contribution from 
pinning of domain walls to the magnetization mechanism. The pinning 
centers are probably grain boundaries. As a conclusion, the 
demagnetization mechanisms of nanocrystalline barium ferrite depends 
on the microstructure and processing parameters. 
Keywords: magnetic materials, nanomaterials, Barium ferrite, 
mechanical alloying 

INTRODUCTION 
Hard magnetic barium ferrites maintain their strong position on the magnet market 

due to their low cost and chemical resistance. Recently, nanocrystalline ferrites attract 
substantial attention due to their prospective applications as magnetic recording materials. 

Magnetic properties, especially the coercivity, strongly depend on the grain size. 
High coercivity materials have crystallites smaller than the magnetic domains (about 1 μm). 
For the processing of such materials several methods have been developed: crystallization 
of glass [1], mechano-chemical methods [2], mechanical milling and mechanical alloying 
[3]. The mechanical alloying uses as starting components Fe2O3 and BaCO3. The process 
comprises two stages: (i) high energy ball milling of the powders and (ii) annealing 
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(ferritization) of the milling product. There are contradictory opinions concerning the effect 
of milling time on the structure and properties of ferrites. Mendoza [4] achieved the highest 
magnetic properties after milling within 40hs. The only crystalline phase in the as-milled 
powders was Fe2O3. The same phase constitution was reported in [5] after 24 hs milling. 
Amorphous structure of the as-milled powders was reported in [3], irrespective of the 
milling time, within the wide range of 19 min – 24h. All the above mentioned experiments 
were carried out in air and the ferritization was performed at 1000°C within 1h. The final 
magnets exhibited similar coercivity of 250 kA/m. It was also proved that the increase of 
the ferritization temperature resulted in increasing volume fraction of the BaFe12O19 phase 
and coarsening of the microstructure [4]. Intensity of both these processes influences the 
magnetic properties in an opposite manner and decides the optimal ferritization 
temperature. Less intensive milling of a mixture of Fe2O3 and BaCO3 powders also makes 
the first stage of the conventional sintering process. The milling is carried out in water, 
which enables obtaining a homogeneous distribution of the particle size and protecting the 
powders from agglomeration and their adhesion to the mill walls. The initial milling results 
in shortening of the ferritization process (ferrite powder is milled in a separate process). 

Homogeneous distribution of the powder particles after milling is an important 
factor affecting the ferritization process and the magnetic properties of final magnets. From 
this point of view milling in water should be beneficial for the material properties, however, 
most of the reported studies are carried out in air.  

In this study the powders were mechanically alloyed in water and air, respectively. 
The phenomena occurring in both processes, in the course of intensive milling of Fe2O3 and 
BaCO3 powders, phase constitution after milling and further ferritization, as well as the 
magnetic properties were analysed. 

EXPERIMENTAL  
A mixture of Fe2O3 and BaCO3 powders (purity 99%, Fe/Ba =10) was subjected to 

milling in a Spex 8000 mill, in air or water. The milling vials were machined from 
hardened bearing steel. Mass ratio of balls to powder was 10:1. Phase constitution of 
powders after milling and ferritization was studied using XRD. The crystallite size of the 
BaFe12O19 phase was measured on the (114) reflection using the Scherrer method. The 
crystallites size distribution, for as milled powders and after ferritization at 1000°C/1h, was 
evaluated using a "Mastersizer” analyser. Temperatures of the phase transformations were 
evaluated using differential thermal analysis DTA, with a heating rate 40 K/min. The 
ferritization was carried out in the temperature range at 750 – 1100°C within 1h in air. The 
magnetic properties were measured for cold compacted specimens. The coercivity and 
remanence values were evaluated from the magnetic hysteresis loops, measured in a 
maximum field 1600 kA/m, using a Lakeshore VSM. The gases evolved in the course of 
milling in water were analysed by the mass chromatography GC-MS method. The 
specimens for the microstructural characterization (SEM) were produced by shock 
compacting. The details of the compacting systems are described in detail in [6]. In this 
study a two-stage process was used, comprising initial and final compacting, which were 
carried out with the detonation wave speeds of 3800 and 5240 m/s, respectively. The SEM 
observations were performed on the polished sample surfaces. The chemical composition 
was analysed in selected areas using EDS.  

RESULTS AND DISCUSSION 
Milling of the mixture of Fe2O3 and BaCO3 powders in air, for 8 h, resulted in 

disappearance, on the XRD pattern, of the characteristic lines for the BaCO3 phase. These 
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reflections are seen on the XRD patterns of the starting mixture of the powder as well as 
after milling in water (Fig.1). This is caused by the amorphisation of this phase [3]. The 
gaseous products of the milling process were not detected. Some underpressure, observed 
in the vial after milling, we attribute to the reaction of the oxygen from the vial atmosphere 
with steel. 

 

 
Fig.1. Diffraction patterns of mixture of Fe2O3 and BaO3 powders and the respective 

mixtures after milling in water and air, respectively. 

Milling in water is accompanied by intensity of the gas evolution. After 8h milling 
the only gaseous product detected was carbon monoxide (some small proportion of the 
nitrogen found came from the air). After 50 hs milling the vial atmosphere contained 26% 
of air (the vial was partially filled with air), 70% of hydrogen and about 4% of organic 
compounds (ethane, methane, ethylene). The increased concentration of hydrogen ions in 
the solution (pH=8), observed after milling, points to the presence of the OH- groups. One 
can assume that the milling starts with partial decomposition of the BaCO3 and formation 
of BaO2 peroxide and CO according the reaction: 

BaCO3→BaO2+CO↑ 
BaO2 peroxide reacts further: 
BaO2+2H2O→Ba(OH)2+O2
 
Such gaseous products can also be obtained by hydrolysis of dissolved in water 

BaCO3. The probability of such a reaction is however very slim due to the low solubility of 
the BaCO3 in water. 

The oxygen produced in the reaction promotes oxidation of vials following the 
reaction: 

2Fe+O2→2FeO 
 
Extended milling time promotes inhibition of the BaCO3 decomposition. 
The hydrogen, found in the vial after 50hs milling is formed in the course of the 

reaction of oxidation in water of iron from vial walls: 
Fe+H2O→FeO+H2↑ 
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The formation of organic compounds and lack of CO in the gaseous products after 
50 hs milling suggests that the conditions of the high-energy ball milling are sufficient for 
the synthesis of CO in the presence of H2 following the reaction: 

CO+3H2→CH4+H2O 
 
The X-ray phase analysis did not show the presence of FeO, however, some 

proportion of Fe3O4 was detected (Fig.1). This fact suggests the following reaction: 
FeO+Fe2O3→Fe3O4
 
The X-ray phase analysis proved that the mixture of powders after milling in water 

contained: BaCO3 (not observed after milling in air), Fe2O3 and Fe3O4. One can assume that the 
powders contained also a small amount of Ba(OH)2, in a quantity below the x-ray resolution. 

Measurements of the particles size for the powders milled in water and air 
respectively showed a narrower distribution of the sizes for the former (Fig.2). Milling in 
air, however, proved a greater intensity of the process, which was demonstrated by the 
higher proportion of fine powder fractions. The coarse fractions were rather formed from 
agglomerates of small particles, which is demonstrated by the broadening of the diffraction 
lines in Fig.1. Some larger particles can also come from the vial walls where they adhere 
and are not milled. 
 

 
Fig.2. Distribution of the particles size of the mixture of Fe2O3 and BaCO3 powders after 
milling in water and air, respectively (water_m, air_m) and the respective powders after 

ferritization at 1000°C, for 1h in air (water_m+f; air_m+f). 

During ferritization of the milled mixture of the Fe2O3 and BaCO3 powders CO2 is 
evolved. Theoretically, for such a composition the mass loss should be at a level of 4.01%. 
In fact, we measured such a mass loss for the powders milled in air after ferritization at 
1000°C, for 1h. For the powders milled in water, after ferritization at the same conditions, 
the mass loss was 3.18%. The difference can result from either a different degree of 
decomposition of the BaCO3 in the course of milling or from enrichment of the powders 
mixture in Fe from the vial material. 
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The phase transformations, occurring in the powders after milling, were studied 
using DTA in argon gas (Fig.3). Although in our case the ferritization was carried out in air, 
the literature reports that the DTA results obtained in the air and in argon are comparable [7].  

 

 
Fig.3. DTA patterns for mixture of Fe2O3 and BaCO3 powders after milling for 8 h in air 

and water, respectively. 

The powders milled in air showed a broad endothermic effect at a temperature 
690°C and several smaller peaks at higher temperatures. The study for the powders milled in 
water also gave a broad endothermic effect but at a temperature substantially higher (around 
815°C). The peak shape is characteristic of several overlapping effects. Following the 
literature information, that for the powders milled in air the barium ferrite is formed at a 
temperature 750°C [1], we made x-ray phase analysis for the powders milled in air and in 
water and heated in Ar up to 750°C and 880°C (Figs.4 and 5). These temperatures lay above 
the first DTA endothermic effect, for the powders milled in air and water, respectively. 
 

 
Fig.4. X-ray patterns for powders milled for 8 h in air and water, respectively and heated 

up to 750°C in Ar. 
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Fig.5. X-ray patterns for powders milled for 8 h in air and water, respectively and heated 

up to 880°C in Ar. 

Heating up to 750°C the powder milled in water did not change its phase 
constitution, however, for the powder milled in air, small peaks representing barium ferrite, 
BaFe12O19, appeared. After heating up to a higher temperature, 880°C, the powder milled in 
air consisted mainly of BaFe12O19. The powder milled in water showed mainly the two 
phases Fe2O3 and BaFe12O19. Thus one can assume that the first peak on the DTA pattern 
represents decomposition of the BaCO3 phase accompanied by formation of ferrite. 
Analogous process for the powders milled in water occurs at higher temperature. At least 
two reasons can be responsible for this behaviour: (i) amorphisation of the BaCO3 phase, 
after milling in air, can lower the temperature of its decomposition, (ii) partial 
decomposition of the BaCO3, during milling in water, leads to the formation of barium 
hydroxide Ba(OH)2, for which decomposition temperature is 780°C and is equal to the 
temperature of the onset of the first DTA peak. Thus the milling medium affects both the 
ferritization temperature and reaction sequence. 

 Mean particle size after milling in air and ferritization at 1000°C/1h 
shows smaller values when compared with the material milled in water (Fig.2.). The former 
exhibits also the second maximum, representing large particles and agglomerates. 

 Ferritization at 1000°C, for 1h in air leads to the formation of barium 
ferrite, irrespective of the milling medium (Fig.6.). The crystallite sizes, measured using 
Scherrer method, were equal to 42 and 48 nm for the powders milled in air and water, 
respectively. Thus, the final effect of milling in both media was comparable. For 
comparable processing conditions (milling in air) crystallite sizes in a range of 40 - 90 nm 
were reported [3].  
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Fig.6. X-ray diffraction patterns for Fe2O3 and BaCO3 powders after milling for 8 h in 

water and air, respectively and ferritization at 1000°C, for 1 h in air. 

The dependence of the magnetic properties (remanence and coercivity) versus 
ferritization temperature is shown in Fig.7. They indicate that milling in air leads to better 
magnetic properties in the entire temperature range. The remanence and coercivity values, 
obtained for the ferrites milled in air, are consistent with those reported in the literature, 
although the optimal processing temperature is somewhat difficult to apply [4,5]. The 
difference in the remanence values for both types of specimens decreases with an 
increasing ferritization temperature.  

 

 
Fig.7. Effect of ferritization temperature on the magnetic properties of the magnets 

produced by milling for 8h in water (x - remanence,  - corcivity) and air ( - remanence, 
 - coercivity), respectively, and ferritization at 1000°C for 1 h in air. 

This result is consistent with the conclusions from the DTA studies, which 
indicated that for the specimens milled in water higher ferritization temperatures were 
required. The milling medium strongly affects also the coercivity. After milling in water the 
coercivity is markedly lower. The shapes of the hysteresis loops, and specifically the shape 
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of the initial magnetisation curves, evidence the differences in the magnetisation 
mechanisms for the specimens milled in different media (Fig.8.) [8]. 

 

 
Fig.8. Hysteresis loops for the magnets produced by milling for 8 h in water (dashed line) 

and air (solid line), respectively, and ferritization at 1000°C for 1 h in air. 

 The values of the initial susceptibility are also different for both specimens, 
48.414 10-3 and 18.960 10-3 emu/cm3 G for the materials milled in water and air, 
respectively. The shape of the initial magnetization curve for the powder milled in air is 
similar to those reported in [5]. After milling in water demagnetisation occurs by a 
characteristic for ferrite mechanism dominated by nucleation of reverse domains. However, 
the curve shape for the ferrites prepared by milling in air suggests substantial contribution 
from the pining of domain walls to the magnetisation mechanism. Taking into account 
comparable crystallite size, for both specimens, the grain boundaries cannot be regarded as 
pinning centres. The SEM observations of the surface of the specimens made from powders 
processed by milling in water and air, respectively, show different constitution (Fig.9.).  

 

  
a b 

Fig.9. BSE image of shock compacted magnets produced by milling for 8 h in air (a) and 
water (b), respectively, and ferritization at 1000°C for 1 h in air. 

Both specimens show numerous pores and areas having differences in chemical 
composition. Dark grey places, visible in both types of the specimens, show a Fe/O ratio 
equal to 0.75, which is characteristic to Fe3O4 phase. The chemical composition of bright 
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areas, of which one visible only in the specimens produced from the powder milled in 
water, is close to the BaFe3O4 phase. The presence of large, rich in Ba, precipitates 
confirms the proposed sequence of phase transformations occurring in the course of 
ferritization. These precipitates, having mean size of a few micrometers, can form centres 
for reverse domain nucleation. Their presence promotes the nucleation mechanism for 
demagnetization. The SEM observations did not, in the specimens milled in air, show a 
presence of microstructural elements which could form domain pinning centres. Such 
elements should have size close to the domain wall width, i.e around 10nm. These 
suggestion could be further clarified by the TEM observation.  
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