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ABSTRACT 

 

A ratio non-stoichiometric between Iron oxide III and excess of Manganese oxide III were 

milled during 12 hours in a high energy ball milling using four iron spheres of diameter 12.7 

mm and two iron spheres of diameter 9.5 mm. The characterization by X Ray Diffractions 

showed the phases of precursor powder in all samples, this result indicated that the powder 

only was milled and the process did not produce reaction. Rietvel refinement of X Ray 

Diffraction Patterns showed variations on crystalline planes and deformations occasioned by 

milling process, while Scanning Electron Microscopy and Particle Size Analysis showed that 

the particle size decreased with the process, a result in this study was the variation on 

magnetization without chemical reaction under non-stoichiometric conditions and the 

agglomeration sizes observed on samples. For the products have the same morphology by 

process. 
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INTRODUCTION 

 

The processes used on the products and materials result from the characteristics or properties 

defined by customers or users[1, 2], in the advanced materials the process is a specific 

requirement  to have a control on morphology, size particle, properties, structure, mechanical 

resistance, magnetization, electric resistance [3,4,5], on results published in different 

investigations on synthesis methods as co-precipitation, sol gel, ceramic, electrochemical, 

polyol, flame and others has been analyzed the characteristics and properties  [4,6-11], in the 

case of high energy milling environmentally contributed in synthesis to avoid  hazardous 

waste, it is a sustainable processes [12] and a simple method suitable for the production of 

powders composed of fine particles. There are two ways to carry out the synthesis, dry and 
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wet; the dry way is preferable because the reactions are faster and with a lower pollution 

level than the wet on [13]. To obtain good results in high energy milling technic, it is 

important to consider some parameters, as previously reported by Serkan Biyik et. al. [14], 

such as type and amount of process control agent, milling speed and duration, ball-to-powder 

weight ratio, size of the grinding medium, material of the vial and grinding balls, and extent 

of vial filling. 

The interesting aspect to research about on properties on this material is the wide field 

of application they have, such as coatings, elements for microwave devices, polymer, sensors, 

medical devices, and optics [7, 8, 9]. Various works developed on the last decade using high 

energy milling showed results on material in ratio with magnetization, morphology,  particle 

size, electric conductivity, synthesis, deformation, some materials used in the process were 

iron oxides, manganese oxides, it is because it could be cheaper than materials as the samario 

(Sm) and neodymium (Nd) [9,15,16]. The high-energy milling method presents a significant 

advantage over the heat treatment method because the temperatures used are at room 

temperature, and in some occasions only with the milling (without change of structure) [7], 

magnetic saturation increase and it is possible to have nanometer size in some particles, the 

studies in materials show evidence on results to materials with deformation in lattice array, 

cases in which there is no chemical reaction but the magnetization increase [17].    

The objective of this paper is to describe the effect of dry high energy milling process 

of non-stoichiometric mixtures between MnO2 and Fe2O3 after 12 h and demonstrate that 

magnetic properties can be changed using milling, a specific variable was the quantity of 

manganese oxide III however, some articles that include non-stoichiometric proportions, 

reported superior magnetic properties [17]. Additionally, this paper includes the explanation 

of crystallographic parameters, particle size and morphology in order to describe the 

observed magnetic properties. 

 

 

METHODS AND MATERIALS 

 

High energy milling 

The dry milling procedures were performed in a Spex mill 8000D for 12 hours; iron oxide 

III (Sigma-Aldrich) and manganese oxide IV (Sigma-Aldrich) were used in stoichiometric 

ratio following the previous report [18], the proportions of MnO2 in the various compositions 

are presented in Table 1. M0 was the reference composition wherein the precursor oxides 

were added in stoichiometric ratio mol:mol 1:1 to obtain a possible chemical reaction, 

whereas the other compositions contained excess MnO2 and it were evaluated to know the 

effect of milling on different manganese oxide IV quantity. The milling was performed at 

room temperature, 4 balls of hardened steel with a diameter of 12.7 mm and two balls with a 

diameter of 9.5 mm were placed in a stainless steel vial in order to improve the mobility of 

spheres into vial [19, 20, 21].  
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Table 1. Ratios of excess of MnO2 with chemical stoichiometry and non-stoichiometry 

 

Composition MnO2 ratio add on 

chemical stoichiometry 

Chemical composition 

M0 0% Stoichiometry 

M10 10% Non-stoichiometry 

M20 20% Non-stoichiometry 

M30 30% Non-stoichiometry 

M40 40% Non-stoichiometry 

M50 50% Non-stoichiometry 

 

Characterization 

For structural characterization, a Philips PW1710 X-ray diffractometer with CoKα (1. 5812 

Å) radiation was used. Patterns were collected in the 20-80° range in 0.05° increments (2θ). 

The Rietveld refinement was conducted using Maud software, and the results were then 

compared with those in the Inorganic Crystal Structure Database (ICSD). The magnetic 

saturation was evaluated using a micro vibrating sampler magnetometer (Micro Sense EV7, 

VSM-EV7). The morphology was determined by SEM (JEOL) at 15 kV. 

 

 

RESULTS AND DISCUSSION 

 

Figure 1 shows the hysteresis loop of samples obtained by milling process. The expected 

results are the increase in magnetization as manganese oxide III increase according on Eq. 1 

reported by Bean, C. [22]: 

                    

𝐼(𝐻) = ∑ 𝐼𝑛(𝐻)

𝑁

𝑛=1

𝑓𝑛 ∑𝑓𝑛

𝑁

𝑛=1

⁄  

 

(1) 

 

 

Where I(H) is the magnetization of a mixture in a field of N types of particles, fn is the volume 

fraction of the nth constituent and In(H) is the magnetization of this constituent in a field H. 

The saturation magnetization of Fe2O3 is 0.25 emu/g [23] and the saturation magnetization 

of MnO2 is 3 emu/g [24] so that and following the previews equation, the saturation 

magnetization in sample M0 with ratio 1:1 mol:mol is  ̴ 1 emu/g and according the volume 

fraction, the saturation magnetization of other samples should increase when percentage of 

manganese oxide III increase.  

 Figure 1 revealed that the saturation magnetization does not correspond to the 

mixtures theory because the proportion of added MnO2 is no co-dependent of material 

magnetization. In magnetization, the ordering of samples from less to top is M0, M10, M50, 

M30, M20 and M40, the maximum magnetic response was on surplus 40%, while on 50% 

decrease. The increase was not attributed to a change in the structure but instead served as a 

reference to determine which variables could be adjusted to increase the magnetic saturation. 

This variation was related to the work of Xin Zhanga et al. [25], who observed similar 
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behaviour showing that the particle size was related to the magnetic saturation, the process 

and MnO2 generated different properties.  

 

 
Figure 1. Hysteresis loops at Hmax=1800 Oe measured at room temperature of oxide 

powders milled from (MnO2 + Fe2O3) 

 

In order to confirm the  previous statement, figure 2 shows the XRD results of M0, M20 and 

M40, they were selected to compare the stoichiometric with higher saturation magnetization 

samples. As it can be observed, three studies exhibited the same phases of MnO2 and Fe2O3 

for all samples tested with principal picks at 29° and 33° to manganese oxide III and iron 

oxide III subsequently.  

An increase in the intensity of the signal at 29° and a decrement in the signal at 33 

were observed witch shows that the picks at 33° in samples M0 and M20 is higher than picks 

at 29° however when the excess of manganese oxide III is 40%, picks change of intensity, in 

this powder the intensity of principal pick in MnO2 is higher than Fe2O3. Intensity of principal 

picks confirm two things, on the one hand the increase in pick at 29° is due to greater 

percentage of MnO2 in the powder and on the other hand, the percentage of phases ratifies 

the inconsistency in the magnetic properties following the mixtures theory. 
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Figure 2. XRD of samples M0, M20 and M40 on 12 hours milling 

 

In furtherance of intensity changes, in figure 3 a substratum of XRD from 25 to 35 degrees 

is presented showing the quantity values of intensity to samples M0 and M40. The intensity 

of pick at 29° in the sample M0 is 340 counts and increase at 425 counts when MnO2 increase 

in 40% while the intensity of picks at 33° are about 420 counts in two samples because iron 

oxide III is constant. 

 
Figure 3. X-Ray profiles of M0 vs M40 
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Maud software was used for Rietveld refinement, the anisotropy of the material was 

identified and shown in Table 2. Different crystalline sizes can be identified on the planes of 

Fe2O3 and MnO2, indicating the anisotropy of the material. This phenomenon may be 

attributable to the milling method employed, it causes deformations in crystal structure and 

Rietveld refinement method let crystallite sizes on milling M20 and M40 be observed, to 

identify differences.  

 The results show that because of the mechanical milling process, significant 

deformations exist on specific planes in MnO2 to planes (1,1,0), (1,0,1) and (2,1,0) of M40, 

on M10 it was possible to detect an increase on plane (1,0,1), it could be the reason to have 

lower value of magnetic saturation in comparison with M40 and when M50 was evaluated, 

crystallite sizes grow.  

 

Table 2. Crystallite sizes obtained by Rietveld refinement 

 

Samples Crystallite sizes 

Phase h, k, l 

1, 0, 4 

h, k, l 

1, 1, 0 

h, k, 

l 

0,1,8 

Phase h, k, l 

1, 1, 0 

h, k, l 

1, 0, 1  

h, k, l 

2,1,0 

M0 Fe2O3 64 166 220 MnO2 227 220 145 

M10 Fe2O3 58 157 208 MnO2 139 272 107 

M20 Fe2O3 67 157 208 MnO2 189 244 118 

M30 Fe2O3 63 152 209 MnO2 171 200 113 

M40 Fe2O3 64 158 216 MnO2 175 197 113 

M50  Fe2O3 66 163 220 MnO2 186 194 124 

 

SEM images allowed the observation of the particles’ irregular morphologies and their 

tendency to form agglomerates. The products have the same morphology, but especially 

among the images corresponding in Figure 4 ( M10 and M50) had facility for making 

agglomerates bigger than other samples, while the smaller-sized particles in images on some 

circles  in figure 4, this could be a possible relation between the magnetic response and sizes 

of agglomerates occasioned by the process when the particle is deformed and have different 

crystallite sizes. 

The agglomerates with major diameter size absorb more energy and this condition 

could affect the response of the material when the magnetization is applied, this is possible 

when the results of Figure 1 are related and the crystallite sizes registered on Table 2, in this 

work it was possible to detect that with the increment of MnO2 it is not necessary to have an 

increment of the value of magnetization in all the cases, with the results on SEM images, the 

results with milling on size particle on ratio in quantity of material added and values of 

magnetization it was possible know that the MnO2 increment of the magnetization with 

certain  sizes of agglomerates when the milling was used, the latter modifies the crystallite 

size on specific planes.  
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Figure 4. SEM images of M0, M10, M20, M30, M40  and M50 after 12 h of milling: 

particles with the lower size in circular line. 

 

The particle sizes distribution was necessary to identify the variations caused by the milling 

process with a specific quantity of MnO2, the analysis let us know the particle size detected 

in every case, so on the Figure 5 the particle size distribution was shown having smaller 

dimensions than M10 and M50 distribution on radius size the results are accord with images 

of SEM in Figure 5 and confirm the possibility to get the highest magnetic values on 

magnetization as wrote Dey et al. [26]  and Singhal et al. [27]  it is occasioned by the surface 

area, in this study only we only found a relation between with deformations and size particles, 

because in crystallography there were no changes on structure and when more quantity of 

MnO2 was added. 

 
Figure 5. Particle Sizes Distribution on M0, M40 and M50 after 12 hours of milling 
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 The Figure 6 shows the minimum size particle detected and it is possible to identify 

some the lowest dimension in milling of M40 in this study, while on M50 increase dimension, 

in the case of M10 there are a few particles with small size it also has agglomerate with higher 

dimension than M40 as was shown in Figure 5.  

 
Figure 7. Particle Size Distribution vs MnO2 added 

 

 

CONCLUSIONS 

 

The results by X Ray Diffraction demonstrated that the mechanical energy no-generate 

synthesis between start materials while the Rietveld refinement showed deformations in 

crystallite with smaller dimensions on specific planes of M20 and M40. The Samples 

increased the magnetization in material without direct dependence on MnO2 quantity or 

spinel structure as studies were justified in various scientific articles published. On Scanning 

Electron Microscopy and Distribution Particle Size the samples M20 and M40 showed minor 

diameter in correspondence with other samples, the values of magnetization higher are on 

M20 and M40 hysteresis curves showed possible co-dependence between crystallite size, 

particle size and magnetization. A considerable factor was the possibility to develop materials 

without the need to have new phases or have necessary chemical stoichiometry, in an easier 

way, only with milling. 
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