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Abstract
The paper addresses the study of the effect of different milling modes on the reactivity of the initial α-Fe2O3 and  Li2CO3 
powders by thermogravimetry and differential scanning calorimetry to obtain lithium ferrite of  Li0.5Fe2.5O4 chemical compo-
sition. The formation of the magnetic phase of ferrite was monitored by thermogravimetric analysis in a magnetic field. The 
powder mixture was mechanically activated in air at different processing time and vial rotation speed using a planetary mill. 
It was found that the reactivity of the initial reagents depends on milling energy intensity. A varied milling mode changes the 
pattern of the interaction between reagents, and therefore a temperature range, the number of stages and the rate of lithium 
ferrite formation. In these conditions, an increased vial rotation speed during milling makes a more significant contribution 
to the change in the powder reactivity as compared to longer milling time.

Keywords Lithium ferrite · Li0.5Fe2.5O4 · Mechanical activation · Solid-state synthesis · Thermogravimetry · DSC

Introduction

Solid-phase processes in ferrites initiated by mechanical 
action have been intensively studied over the past 30 years 
[1–5]. The reason for this is high potential of mechanical 
treatment in production of ferrite materials aimed at creat-
ing a more economically profitable technological process.

Thus, mechanical treatment was used to produce ferrites 
based on spinel  MFe2O4 (M =  Li+,  Ni2+,  Cu2+,  Co2+,  Zn2+, 
 Mg2+) [6–10], ferrites with a hexagonal structure [11–14] 
and garnets [15, 16], etc.

Most of the studies on mechanical activation of ferrites 
were performed using planetary ball mills with a vertical 
rotation axis, for example, "Fritsch", "Retsch" or "Spex" 
[17–21]. The AGO-2 planetary ball mill is also widely used 

[22, 23]. These devices are characterized by the main param-
eter, the rotation speed of the vials, which determines the 
milling mode. However, the efficiency of mechanical treat-
ment depends not only on the milling mode, but also on 
the material and diameter of the balls and vials, and on the 
powder-to-balls mass ratio [24, 25]. One can notice that the 
milling intensity can be increased by increasing the rotation 
speed and mass of balls. However, an excessive increase in 
the mass of balls and improperly selected material of balls 
and vials can cause contamination of the processed powders 
and wear of the grinding media.

As shown in [26–30], the reaction of lithium ferrite for-
mation depends on milling conditions. It should be noted 
that ferrite is not formed during milling of a mixture of 
reagents based on oxides and carbonates. During milling, 
reagents are only mechanically activated, which accelerates 
chemical processes in further ferrite synthesis.

For example, Berbenni et al. [26] showed that mechanical 
activation of iron oxide and lithium carbonate in a high-
energy vibration mill for 2 or 5 h decreases the temperature 
of the synthesis reaction of lithium ferrite  Li0.5Fe2.5O4 by 
200 °C. In this case, the microstructure of ferrite formed 
from milled powders is characterized by the α and β phase, 
while ferrite obtained from the initial powders contains only 
the α phase. In [27], Widatallah et al. also reported the for-
mation of lithium ferrite containing both the α and β phase at 
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lower temperatures in the case of using α-Fe2O3 and  Li2CO3 
powder reagents activated at 200 rpm for 50–135 h. Kavan-
looee et al. used a planetary mill with a rotation speed of 
450 rpm and a milling time of 40 h to obtain lithium-zinc-
titanium ferrite [28]. Virtually all the studies that investigate 
lithium ferrite production employed a low vial rotation speed 
and, therefore, a long milling time.

In [29], it was found that 1-h mechanical activation of the 
initial powders at vial rotation speeds exceeding 2000 rpm 
significantly changes their reactivity. This makes it possible 
to considerably reduce the temperature and duration of syn-
thesis, especially when using substituted ferrites with a com-
plex chemical composition. In [30], the effect of mechanical 
activation on the reactivity and the temperature range of the 
reaction of lithium ferrite synthesis was shown separately 
for powders and mixtures based on them.

Wide variation in the milling mode available with modern 
ball mills and a limited number of publications in this area 
do not allow unambiguous conclusion about a more efficient 
milling mode for ferrite production.

The aim of this study is to investigate the effect of differ-
ent vial rotation speeds of milling modes on the reactivity 
of the initial α-Fe2O3 and  Li2CO3 powders using thermo-
gravimetry (TG), differential scanning calorimetry (DSC) 
and laser diffraction analysis.

Experimental

The initial powders based on iron oxide and lithium car-
bonate (99%, Reahim Co., Russia) were used for lithium 
ferrite production. The α-Fe2O3 and  Li2CO3powders were 
preliminarily dried in the furnace at 200 °C and weighed in 
a molar ratio of 5:1.

An AGO-2 planetary ball mill (Novic, Russia), which is 
characterized by two grinding 150 mL steel vials and water-
cooling of the outer sides of the vials, was used for mechani-
cal activation. This ball mill allows three vial rotation speeds 
of 1290, 1820 and 2220 rpm that correspond to centrifugal 
acceleration of 300, 600 and 1000 m  s−2, respectively. The 
study employed 1290 and 2220 rpm modes, and the mill-
ing time was up to 120 min. The 6-mm steel balls and 20 g 
powder were used for milling. The powder-to-balls mass 
ratio was 1:10.

The particle size distribution of milled powder mixtures 
was analyzed by laser diffraction using a Fritsch Analysette 
22 MicroTec Plus analyzer.

The ferrite synthesis reaction was studied using TG/DSC 
and mass spectrometric analysis by heating the 5 mg powder 
mixture to 800 °C in the furnace of a Netzsch STA 449C 
Jupiter thermal analyzer coupled to a QMS 403C Aélos mass 
spectrometer. Thermal analyzers like these are widely used 
in the analysis of ferrite materials [31–33].

Figure 1 illustrates typical behavior of the TG, DSC 
and derivative thermogravimetric (DTG) curves dur-
ing heating of the powder mixture in accordance with the 
 Li2CO3 +  5Fe2O3 →  4Li0.5Fe2.5O4 +  CO2↑reaction. In Fig. 1, 
Sr and Sα−β on the DSC curve indicate the area of the endo-
thermic peak corresponding to the interaction between the 
reagents and the area of the peak during transition from 
α (order) to β (disorder) in the  Li0.5Fe2.5O4 ferrite phase 
formed during heating, respectively; Δmr and Tr on the TG 
curve are the mass change due to  CO2 release and the final 
reaction temperature, respectively. The reaction temperature 
range depends on several factors, including the heating rate 
during thermal analysis [34] and the activity of the initial 
reagents [23]. In this study, all the samples were investigated 
at heating rate of 5 °C  min−1.

As was shown earlier in [23, 30], lithium ferrite is 
formed during heating in thermal analysis. The amount of 
the formed ferrite phase can be found either by the analy-
sis of Sα−β on the DSC curve during heating or the reverse 
transition during cooling, as well as by measuring the Curie 
temperature at the cooling stage from 800 °C to room tem-
perature [30, 35]. In the latter case, two permanent magnets 
were used, which were connected to the furnace of the ther-
mal analyzer at the beginning of the cooling stage. Figure 2 
shows a typical pattern of the TG(M) and DTG(M) curves 
for measurements in a magnetic field using the Netzsch 
STA 449C Jupiter analyzer. In this case, the mass change 
(Δm) depends only on the interaction of the sample with the 
magnetic field, and not on its probable chemical changes. 
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DTG/% min–1
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Sr/J g–1
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Fig. 1  TG, DSC and DTG curves for sample synthesized in thermal 
analyzer
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Fig. 2  TG and DTG curves for magnetic sample using magnetic field
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However, in all experiments, corrections were made to the 
experimental curves by measuring the TG curves taken on 
an empty crucible.

Results and discussion

The particle size distributions of the  Fe2O3 and  Li2CO3 ini-
tial reagents were investigated in [29].

In this study, the particle size distribution of  Fe2O3/
Li2CO3 powder mixtures was analyzed. From [29],  Fe2O3 
and  Li2CO3 powders are characterized by bimodal distribu-
tion in 0.2–3/3–40 µm and 3–50/50–300 µm ranges with 
the average particle size of 12.1 and 47.2 µm, respectively. 
The SEM images of  Fe2O3 and  Li2CO3 powders were also 
shown in [29].

Figure 3 shows the result of the analysis of non-activated 
powders (Fig. 3a), and for powders activated at 1290 rpm 
(Fig. 3b) and 2220 rpm (Fig. 3c) for 120 min. Table 1 pre-
sents the main characteristics obtained from the analysis. 
All the samples exhibit a bimodal particle size distribution 
in the range of 0.2–5 µm and 5–50 µm. One can notice that 
the distribution for mixtures has a behavior similar to the 
distribution of the  Fe2O3 as the concentration of iron oxide 
in total mixture was 91.5 mass%. The average particle size 
for the non-activated powder mixture is 16.7 μm, while for 
those activated at 1290 rpm and 2220 rpm, it attains 12.6 
and 11.6 μm, respectively. No significant particle size reduc-
tion to submicron size can be observed. However, the con-
tent of fine particles significantly increases up to 5 μm in the 
activated powders. Ultrasound employed in laser diffraction 
did not significantly change the analysis results.

In this study, thermal analysis was carried out for sam-
ples containing initial powders and powders that were pre-
liminarily mechanically activated with milling time from 5 
to 120 min. Figures 4–6 show thermal analysis results for 
non-activated (0 rpm) and activated at 1290 and 2220 rpm 
for 120 min samples.

The analysis results for the samples based on non-acti-
vated powders are very similar to the results previously 
obtained by thermal analysis of the  Fe2O3/Li2CO3 mixture 
and presented in [30]. Since the peak areas on the DSC curve 
for these samples depend on the bulk density of the powder 
in the crucible, which is very difficult to maintain during the 
experiments, the Sr values obtained differ somewhat from 
the values presented in [30]. As can be seen from Fig. 4a, 
b, the reaction of interaction between the non-activated rea-
gents is followed by a decrease in mass on TG curve in the 
temperature range of 400–740 °C due to release of  CO2 from 
the sample. The DSC curve in this temperature range (Fig. 5, 
0 rpm) shows a broad endothermic effect with three distinct 
peaks at 575, 675 and 725 °C. This indicates a three-stage 
lithium ferrite synthesis reaction. The first two stages in the 

temperature range of 400–700 °C are associated with the 
formation of the  Li0.5Fe2.5O4 lithium ferrite phase and the 
 LiFeO2 transition phase, which is formed at a high rate at 
the beginning of the reaction. It should be noted that, in gen-
eral, the solid-phase reaction of ferrite formation proceeds 
in parallel processes:
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Fig. 3  Particle size distribution of non-activated (a), activated at 
1290 rpm (b) and 2220 rpm (c) powder mixtures

Table 1  Particle size distribution from laser diffraction analysis

Powders mixture D10/µm D50/µm D90/µm Reference

α-Fe2O3 0.5 12.1 25.6 [28]
Li2CO3 5.7 47.2 212.9
Non-activated 1.6 16.7 33.2 Present work
Activated at 1290 rpm 0.9 12.6 30.6
Activated at 2220 rpm 0.9 11.6 29.3
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The results obtained in [34] show that the rival of the 
considered reactions causes a complex DSC effect. In this 
case,  LiFeO2 is formed efficiently at up to 600 °C. However, 
at temperatures exceeding this value, the rate of  Li0.5Fe2.5O4 
synthesis sharply increases, and the amount of  LiFeO2 starts 
to decrease.

A single pronounced peak on the DSC curve at 725 °C in 
Fig. 5 for 0 rpm sample is associated with melting of lithium 

(1)Li2CO3 + Fe2O3 → 2LiFeO2 + CO2 ↑

(2)Li2CO3 + 5Fe2O3 → 4Li0.5Fe2.5O4 + CO2 ↑

(3)LiFeO2 + 2Fe2O3 → 2Li0.5Fe2.5O4

carbonate residues, which did not react with iron oxide, and 
lithium carbonate intense interaction in the reaction that 
affects the rate of the mass loss at this temperature. The total 
mass loss of 5.21% is close to the calculated value (5.05%) 
corresponding to the total release of  CO2 upon complete 
decomposition of lithium carbonate in Eq. (2).

The temperature point of the Sα−β peak on the DSC curve 
at 751.7 °C in Fig. 5 associated with the α → β transition in 
the  Li0.5Fe2.5O4 phase does not depend on the heating rate 
and density of the powder mixture. However, as noted above, 
the peak area depends on the amount of ferrite formed. Tak-
ing the previously determined value for this transition equal 
to 13 J  g−1 at 100 mass%  Li0.5Fe2.5O4 [30], the obtained Sα−β 
of 2.6 J  g−1 on the DSC curve for the non-activated sample 
is found to correspond to the formation of 20 mass% lithium 
ferrite upon reaching 751 °C. In this regard, the remaining 
80 mass% is assumed to consist of  LiFeO2 and  Fe2O3.

The result of the thermal analysis performed using a 
magnetic field at the cooling stage for non-activated sam-
ple is presented in Fig. 6. A sharp mass change indicated 
by the TG(M) curve (Fig. 6a) is due to the sample inter-
action with an external magnetic field. The temperature 
for the change corresponds to the Curie temperature of 
the magnetic phase in the sample. The resulting value 
of 633 °C (Fig. 6b) is close to the ferrimagnet-paramag-
netic transition temperature for  Li0.5Fe2.5O4 [36, 37]. 
The obtained value of the mass change also indicates the 
amount of the magnetic ferrite phase in the sample. With 
regard to the mass change for pure lithium ferrite equal 
to 0.41%, which was obtained under similar experimental 
conditions in [35], the amount of ferrite in the sample is 
found to be equal to 24 mass%. In contrast to the results 
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obtained in heating, higher ferrite content in the sample 
observed in cooling is associated with the additional for-
mation of ferrite due to heating between the temperature 
points analyzed.

Figures 4–6 present the results of the thermal analysis for 
samples mechanically activated at 1290 rpm and 2220 rpm 
for 120 min. In a powder mixture activated at 1290 rpm, 
ferrite synthesis begins at 400 °C for samples milled at dif-
ferent times and terminates at 600–700 °C depending on 
the milling time. Figure 7 shows the dependence of the final 
reaction temperature (Tr) on the mechanical activation time 
in more detail. As can be seen, the Tr for the milling time 
exceeding 30 min is 100 °C lower than that observed in 
interaction between non-activated reagents. The total mass 

loss in all the samples activated at 1290 rpm corresponds to 
the calculated  CO2 yield according to Eq. (2).

For such samples, the DSC curve (Fig. 5, 1290 rpm) illus-
trates a two-stage process with a total enthalpy close to the 
heat effect observed for non-activated powders. The peak 
corresponding to this process is not represented on the DSC 
curve since the reaction terminates before the melting point 
of lithium carbonate. However, an exothermic peak can be 
observed at 620 °C. The nature of the process at the given 
temperature was not clarified in this study. The release of 
 CO2 in this region can be found only using the mass spec-
trometric data.

It should be noted that the behavior of the TG/DSC curves 
for the samples synthesized from powders activated for 
30–120 min is very similar. From Fig. 8, the Sα−β increases 
as the milling time grows up, which indicates an increase 
in the amount of the synthesized phase of lithium ferrite. 
However, at the milling time above 30 min, the content of 
the ferrite phase in the sample grows very slowly. A similar 
conclusion can be drawn based on the results of the TG(M) 
analysis, from which the Δm values obtained at the Curie 
point are shown in Fig. 9.

For the powder mixture activated at 2220  rpm, the 
ferrite synthesis reaction starts at 200 °C and terminates 
at 500–600 °C depending on the milling time (Fig. 4, 
2220  rpm). In this case, the mass change observed on 
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the TG curve up to 200 °C is associated with the release 
of water and carbon dioxide molecules adsorbed during 
mechanical activation or during storage of the powder 
mixture [23]. The behavior of the DSC curve (Fig.  5, 
2220 rpm) for this sample indicates mainly a two-stage 
process in the reaction of reagent interaction. Moreover, 
the first stage in the temperature range of 200–400 °C cor-
responds to a small mass change and insignificant thermal 
effect associated with it. Comparison of the DSC curves 
presented in Fig. 5 shows a shift of both reaction stages to 
the region of lower temperatures as milling energy inten-
sity increases.

As can be seen from Figs.  8 and 9, the patterns of 
changes in the ferrite phase content during synthesis of 
the samples from a powder mixture activated at 1290 rpm 
and 2220 rpm are similar. The content of the ferrite phase 
increases strongly with an increase in milling time up to 
30 min and then slowly grows with a further increase in the 
milling time. In addition, the content of the ferrite phase 
increases with increasing vial rotation speed. Moreover, 
the data obtained in cooling mode indicate a high content 
of the magnetic ferrite phase in the samples synthesized 
from powders milled for 30 min.

The results obtained in [29] showed that the main fac-
tors that increase the reactivity of powders during their 
mechanical activation are a decreased particle size and 
formation of dense agglomerates, which increase the den-
sity of the contact between particles. The results obtained 
in this study confirm the previously drawn conclusions.

The theoretical calculation of the supplied energy dur-
ing mechanical activation in order to predict the formation 
of structural changes is associated with certain difficul-
ties. Bernhardt et al. [38] and Husemann et al. [39] indi-
cated the factors that affect the effectiveness of mechani-
cal action in various mills. For mechanical activation in 
planetary mills, the supplied energy (in terms of the mass 
of the milled powder) can be estimated from the follow-
ing equation:

where mb and mp are the mass of the balls and the mass of 
the powder, respectively; b is the acceleration of the milling 
material; ω is the rotation speed of vials; D is the diameter 
of the mill; t—mechanical activation time.

Abdellaoui and Gaffet [40] suggested the equations to 
estimate the velocity impact (V⃗c) and kinetic energy (Ek in 
J per hit) transferred from ball to powder during milling:

where R is the distance between the disk center and vial 
center; Ω and ω are the vial and disc rotation speed in rpm, 
respectively; m is the ball mass; r and rb are the vial and ball 
radius, respectively. The total kinetic energy released from 
the ball to the powder is

where P is the powder released by the ball to the powder; 
f is the shock frequency that is associated with the num-
ber of collisions per second. Burgio et al. [41] proposed the 
equations to estimate the kinetic energy in the case of using 
several balls during milling, wherein the shock frequency 
is equal to the product of one ball frequency as calculated 
above and the number of balls corrected by a factor of 1 or 
less.

The values of the total kinetic energy corresponding 
to the experimental ball-milling conditions were obtained 
using Eqs. (4) and (7) and are shown in Fig. 10.

The total kinetic energy values, corresponding to the 
experimental conditions, were obtained using Eqs. (4) and 
(7) and are shown in Fig. 10. One can notice that the results 
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of calculations performed using both proposed models 
are approximately the same. According to the results, the 
supplied energy is linearly dependent on the milling time. 
An increase in the rotation speed of the vials from 1290 to 
2220 rpm leads to an increase in the supplied energy by 
5–6 times. Thus, it should be expected that milling energy 
intensity makes a more significant contribution to the change 
in reactivity than a longer milling time. In addition, it was 
known that with an increase in the milling time after a cer-
tain value, a strong agglomeration of the crushed particles 
occurs [42–44]. This slows down the further process of par-
ticles milling.

Conclusions

The effect of energy intensity (1290 and 2220 rpm) and time 
(0–120 min) of milling during mechanical activation in a 
planetary ball mill on the dispersity and reactivity of the 
α-Fe2O3/Li2CO3 powder mixture was investigated using 
laser diffraction analysis, thermogravimetry and differential 
scanning calorimetry.

It was found that the nature of interaction between 
the initial powders depends on the mechanical activation 
mode. The results obtained using laser diffraction showed 
a reduced average particle size of the powders at increased 
milling energy intensity.

The results of thermal analysis showed that the tempera-
ture range of the initial reagent interaction depends on the 
time and energy intensity of milling. An increased time and 
vial rotation speed during mechanical activation shift the 
final reaction temperature to the region of lower tempera-
tures, and it decreases by 100 °C and 200 °C at 1290 rpm 
and 2220 rpm milling, respectively. At the same time, tem-
perature at the reaction onset decreases significantly when 
the initial powders are activated at high energy intensity. 
Thermal effects established by calorimetry revealed three 
stages of the reaction of ferrite formation from non-activated 
powders. In contrast, the reaction is characterized by a two-
stage process during synthesis of ferrite from powders acti-
vated under all modes.

A changed course of the synthesis reaction is followed by 
changes in the amount of synthesized lithium ferrite. Thus, 
an increased time and energy intensity of milling increase 
the ferrite content during thermal analysis, which indicates 
an increased reactivity of the activated reagents. However, 
an increased vial rotation speed during milling makes a more 
significant contribution to changes in the reactivity of pow-
ders than a longer milling time.
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