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Abstract– In this research the thermodynamic of mechanochemical activation by high energy 
milling of hematite has been studied. It has been shown that transformation reaction due to ball 
milling of α-Fe2O3 has been started after 15 hours milling. As the sum of amorphization and 
dislocation energies is a suitable approximation of total stored energy, the contribution of these 
two energies has been identified. The contribution of amorphization and dislocation energies after 
15 hours milling have been calculated at about 76 and 9 kJ/mol, respectively. Thus, the increase in 
molar enthalpy of milled hematite is about 85 kJ/mol. The total Gibbs free energy of 
mechanochemical transformation of hematite to magnetite after 15 hours milling has also been 
determined. The temperature for transformation of activated hematite to magnetite has been 
calculated at about 300 K. The bulk temperature of powder after 15 hours milling has been 
measured at about 325 K. Therefore, at this temperature hematite cannot be stable and will 
transform to magnetite during milling.           
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1. INTRODUCTION 
 

The iron oxides; hematite, maghemite and magnetite; are important electrical and magnetic materials. 
These oxides are conventionally prepared by oxidation–reduction process at elevated temperatures. 
Mechanochemical treatment is an alternating process to produce fine particles of these oxides. 

During the last two decades, extensive studies have been made on the transformation reactions 
induced due to ball milling of hematite in various milling conditions. Kaczmarek and Ninham [1, 2] 
produced magnetite from hematite through ball milling in various milling atmospheres, i.e. vacuum, argon 
and air. The reverse transformation, magnetite to hematite, was explained to occur by ball milling in air 
[3]. Zdujic et al. [4, 5] explained the transformation process of α-Fe2O3 to Fe3O4 and subsequently to FeO. 
They stated that transferring of sufficient energy to the particles was necessary to change the 
thermodynamical stability of α-Fe2O3 to Fe3O4 and subsequently to FeO. Randrianantoandro et al. [6] 
showed that the α-Fe2O3 to γ-Fe2O3 phase transformation could be induced by mechanical grinding within 
an ethanol medium. They showed that during high energy milling process, the oxide powders were 
exposed essentially to the compressive and shearing stresses. Mitov et al. [7] investigated the 
mechanochemical activation of magnetite and maghemite with close structures and different cation 
distributions. They demonstrated that the different rates of phase transformations could be explained by a 
phonon mechanism of energy dissipation for maghemite and a mixed phonon-electron mechanism for 
magnetite. Novikov [8], by means of X-ray diffraction and Mössbauer spectroscopy, demonstrated that the 
discrepancies in the available data on the cation distribution in cation-deficient compounds could be 
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associated with the structural features of Fe3 – vO4 compounds. Hofmann, Campbell and Kaczmarek [9-14] 
made comprehensive studies on the production of deficient magnetite from hematite by ball milling. Their 
comparisons by means of neutron diffraction patterns of as-milled samples at room temperature and 950 K 
combined with chemical analysis indicated that a significant fraction of the milled products had a 
disordered or amorphous form. They calculated the maximum fraction of γ-Fe2O3 at about 8%. The 
formation of γ-Fe2O3 was likely to be due to a shearing transformation involving movement of the oxygen 
included planes. They also concluded that the main transformation of α-Fe2O3 to Fe3 – vO4 occurred by 
rupturing of the surface layers of α-Fe2O3. This rupture led to a release of oxygen and transformation of α-
Fe2O3 to Fe3 – vO4. 

Although the mechanism of transformation of hematite to magnetite has been studied by various 
researchers, they have not showed the onset conditions of transformation and the way of thermodynamic 
functions changes. The present study attempts to gain a deeper insight into the thermodynamical features 
of this solid state reduction. In other words, the aim of this study is to clarify, for the first time, the reason 
of transformation of activated hematite to magnetite during ball milling at room temperature from a  
thermodynamic point of view. 
 

2. EXPERIMENTAL PROCEDURE 
 
Commercial grade α-Fe2O3 powder of 99% purity with particle size of 30-60 microns was used as the 
starting material. Mechanochemical treatment was performed in a planetary ball mill, Fritsch Pulverized 6. 
A hardened steel vial of 250 cm3 volume filled with hardened steel balls of 20 mm diameter was used for 
milling. In all experiments, the ball to powder mass ratio was 25:1 with a powder mass of 20 g. All milling 
experiments were performed in 300 rpm under air atmosphere without any additives. It should be pointed 
out that the milling experiments were carried out under closed milling conditions, i.e. the vial was not 
opened during all the milling periods. Different milling times 2, 5, 10, 15, 20, 30, 45, 60, 75 and 90 h were 
considered in order to follow the solid state reactions. The morphology of the milled particles was studied 
by scanning electron microscopy (PHILIPS XL30) and their crystallographic structure was investigated by 
Philips PW-1730 X-ray diffractometer (XRD) using Cu Kα radiation. 
 

3. RESULTS AND DISCUSSION 
 
Figure 1 shows The XRD patterns of milled powder in various milling times. The patterns of the starting 
powder and the powders milled up to 10 hours show only the presence of α-Fe2O3 phase. It is seen that 
after 2 hours milling the peaks intensity decrease significantly due to the decrease of the size of hematite 
crystallites. The traces of magnetite can be observed after 15 hours milling. Although Fe3O4, is 
crystallographically isomorphous with γ-Fe2O3, having a lattice parameter (a ≈ 0.840 nm) slightly larger 
than that of γ-Fe2O3 (a ≈ 0.835 nm) [15], but according to the Hofmann et al. [9, 11] studies it can be 
concluded that a large amount of powder should be magnetite. 
 
a) Energy contributions 
 

Heegn [16] has reported that the following structural defects illustrate the energetic condition of 
mechanically activated solids: 
(1) Dislocation concentration with its specific energy; 
(2) Degree of amorphization with its energy; 
(3) Surface area to the surroundings or to a second phase with its specific energy; 
 

Pourghahramani [17, 18] has proved that the contribution of amorphization energy to the total energy 
changes is about 93–98.5%. Similar energy distributions are found for quartz, calcite, magnesite, kaolinite, 
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iron and periclase [17]. It is concluded that the sum of amorphization and dislocation energy is a suitable 
approximation of total energy. 

 
Fig. 1. XRD patterns of α -Fe2O3 powder milled for various milling times. 

 
1. Energy contribution of dislocations: The classical energy balance studies on the propagation of a 
small crack in an elastically isotropic solid establish a functional relationship between the critical tensile 
stress for crack propagation and flaw size [19]. Other studies propose that such ideal behavior does not 
apply to the majority of crack sensitive materials and should be modified [19]. Such modifications can be 
applied where crack tip plasticity is confined to a small plastic enclave in an elastic matrix, leading to a 
recast of Griffith's ideas in terms of fracture mechanics concepts: 
 

( ) 21
1 aYK CC σ=                                                                  (1) 

 
where K1C is the critical stress intensity factor for crack propagation, Y is a geometrical factor related to 
the shape of the crack, σc is critical tensile stress for crack propagation and (a) is the flaw size. This 
equation shows that by decreasing flaw size, (a), higher tensile stresses are needed to propagate a crack, 
i.e. σc ~ (a)-1/2. Hence, initial fracture and size reduction of hematite occurs by propagation of the largest 
flaws at relatively low σc. With increasing stored energy by milling, the particle and its flaw size decrease 
to micron or submicron in which σc becomes very large. This stored energy generates more dislocations 
rather than fracture of particles [20]. Figure 2 shows the SEM micrograph of 10 hours milled α-Fe2O3 in 
comparison with the initial powder. The effect of ball milling on the morphology and size distribution of 
powders has been previously investigated by Moshksar [21]. In this research, clusters of particles are 
formed during milling but decreasing the size of particles in Fig. 2b is in good agreement with the above 
discussions.  

Archive of SID

www.SID.ir

www.SID.ir


M. Sahebary et al. 
 

Iranian Journal of Science & Technology, Volume 33, Number B5                                                                            October 2009 

418 

        
 

Fig. 2. SEM micrograph of hematite particle. a) before milling, b) after 10 hours milling. 
 

The increase in molar Gibbs free energy of milled hematite due to dislocations, ∆Gd, is related to the 
changes in molar enthalpy ∆Hd and molar entropy ∆Sd associated with these dislocations: 
 

ddd ST ΔHΔG Δ−=                                                                       (2) 
 
According to Cottrell hypothesis, the dislocations entropy is small. Thus, compared to ∆Hd, T∆Sd is 
negligible [22]. Hence, ∆Gd is almost equal to:  
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where b is Burger's vector of the dislocation, μs is the elastic shear modulus, ρd is the dislocation density 
and mV is the molar volume of hematite [20]. This equation provides a quantitative estimation of the 
increase in molar free energy (stored energy) due to dislocations. 

The direction of Burger's vector of hematite is similar to Corundum [17]. Therefore, the length of 
Burger's vector of hematite can be estimated as 5.03×10−10 m [17]. MV = 3.047×10-5 m3mol-1 is the 
molecular weight of hematite (0.15969 kg mol-1) divided by its density 5240 (kg m-3) [23]. The value of μs 

which is equal to 225 GPa, represents an average value for hematite polycrystalline aggregates [24]. The 
minimal dislocation density of polycrystalline hematite powders has been calculated using the following 
formula [2, 17, 25] 

2d
3

d
=ρ                                                                      (4) 

 
where d is average crystallite size (m). Williamson–Hall approach can be used to estimate the crystallite 
size of the ball milled hematite powders [26]. The calculated mean crystallite size from XRD patterns 
which is corrected for instrumental broadening has been drawn versus milling time of Fe2O3 in Fig. 3.  

 
Fig. 3. Mean crystallite size against milling time for α -Fe2O3. 

Archive of SID

www.SID.ir

www.SID.ir


Inception of transformation of hematite to magnetite… 
 

October 2009                                                                            Iranian Journal of Science & Technology, Volume 33, Number B5 

419

The calculated dislocation density according to equation 4 up to 15 hours milling is shown in Fig. 4. 
The effect of dislocation density on the stored energy of hematite powders is shown in Fig. 5. It is obvious 
that the stored energy (∆Hd ) increases with increasing the milling time.  

 
Fig. 4. Dislocation density of α-Fe2O3 powder milled for various milling times. 

 
Fig. 5. Effect of dislocation density on stored energy, ∆Hd,  of hematite powder. 

 
2. Energy contribution of amorphization: The content of the amorphous phase has been determined by 
the equation proposed by Ohlberg and Stickler [27]. The degree of crystallinity is defined as: 
 

100
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where oU  and xU  refer to the background intensity of non-activated and activated hematite, respectively. 

oI and X
I  are also integral intensities of diffraction lines of non-activated and activated hematite. 

In order to estimate the amount of amorphous phase after each milling time, the average relative 
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I XX  of the four intensive peaks of milled hematite, (2θ=24, 33, 41, 49.5 degrees) has 

been calculated. The change of the intensities of the above mentioned peaks of the hematite after 15 hours 

milling has been given in Fig. 6. 
Then, amorphization energy of milled hematite could be estimated as: 
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where 90.99HΔ am = (kJ.mol-1) is molar amorphization energy of hematite [28]. The energy 
contributions of dislocation density, ∆Hd, amorphization, ∆Ham, and overall change in enthalpy, ∑∆H, are 
shown in Fig. 7. 
 

 
Fig. 6. Amorphization of 15 hours milled powder compared to initial powder. 

 
Fig. 7. Energy contributions of dislocation, amorphization, in total stored energy. 

 
It is obvious that transferring sufficient energy to the hematite particles is necessary to start the 

transformation of hematite to magnetite. Figure 7 shows that the contribution of amorphization and 
dislocation energy up to 15 hours milling (starting of magnetite formation) are 76 and 9 kJ.mol-1, 
respectively. Therefore, the increase in molar total enthalpy (required molar stored energy for 
transformation) of milled hematite prior to transformation to magnetite should be about 85 kJ/mol. 
 
b) Estimation of molar Gibbs free energy of milled hematite 
 

The following reaction has been considered to estimate the molar Gibbs free energy of milled 
hematite: 

24332 O61OFe32OFe +=                                                      (7) 
 
where the standard Gibbs free energy of this reaction is [4]: 
 

67.8T116596.67GGΔG 12 −=−= ooo          J.mol-1                                          (8) 
and at the ambient pressure: 
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T03.70116596.67.2)8.314Tln(0T8.67116596.67RTlnPΔGΔG 1/61/6

2O
−=+−=+°= J.mol-1   (9)                         

According to this equation, the equilibrium temperature is 1665 K. Therefore, magnetite cannot be 
stable below 1665 K. 

During high energy ball milling up to 15 hours, the energy level of hematite,Go
1, will increase to  
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due to dislocation and amorphization, respectively. dΔG  has been calculated before in Eq. (3). Due to the 
similarity of the amorphous phase and liquid phase, amΔG  could also be calculated by the following 
equation [20]: 
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where HF is the enthalpy of fusion at the melting point (Tm) and (∆Gam)T is the estimated change in molar 
Gibbs free energy due to amorphization. By substituting 122.9 kJ.mol-1 and 1895 K as the enthalpy of 
fusion and melting point of hematite, ∆Gam becomes [29]: 
 

 (∆Gam)T = 122900 – 64.85T  J.mol-1                                           (13) 
 
According to equation (11), the total change in molar Gibbs free energy of milled hematite could be 
estimated as: 
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and finally: 
T89.5167.7654ΔG −=    J.mol-1                                               (15) 

 
Figure 8 shows the ∆G of non-activated and activated hematite versus temperature according to Eqs. 

(9) and (15). According to this figure, the equilibrium temperature for the 15 hours milled powder is 
300K, above which the α-Fe2O3 phase is not stable and the reaction proceeds toward the formation of 
Fe3O4. 

The vial temperature (bulk temperature of the powder) after 15 hours milling has been measured by 
thermometer at about 325 K. It can be seen from Fig. 8 that at this temperature, ∆G of reaction (7) in the 
activated condition is negative. Therefore it proceeds toward the formation of magnetite. 
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It should be mentioned that the calculation of ∆G according to equation 15 at temperatures above 600 
K is meaningless and excluded from Fig. 8 because high temperature can recover the disorder structure by 
recrystallization of the amorphous phase and decrease dislocation density. The negative value of ∆G near 
325 K shows that formation of magnetite has been started a few moments before the 15 hours milling.  

 

  
Fig. 8. Total Gibbs free energy of mechanochemical reaction before and after 15hours milling 

 
4. CONCLUSION 

 
The results of this investigation suggest that: 
1) The increase in molar enthalpy (required molar stored energy for transformation) of milled hematite 

prior to transformation to magnetite is about 85 kJ.mol-1. 
2) The contribution of amorphization and dislocation energy in total stored energy up to 15 hours milling 

(starting of magnetite formation) is 76 and 9 kJ.mol-1 respectively. 
3) According to the calculated total Gibbs free energy function of mechanochemical reaction after 15 

hours milling the transformation temperature is about 300 K. 
4) At the bulk temperature of the powder, the total Gibbs free energy function of 15 hours milled powder 

is negative and reaction proceeds toward the formation of magnetite. 
5) The negative value of ∆G near 325 K shows that formation of magnetite has started a few moments 

before the 15 hours milling.  
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