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A mixture of magnesite ore and waste iron oxide (mill scale) was used to synthesize high density magne-
sium ferrite compacts. The effect of different mixture composition (weight percentage of magnesite ore
to mill scale) as well as the sintering temperatures on the phase change, compressive strength, physical
and magnetic properties of sintered compacts was investigated. The results indicated that a single phase
ferrite spinel is obtained in a compact produced from a mixture consisting of 40 wt% magnesite ore and

60 wt% mill scale and sintered at different temperatures. On the other hand, this mixture composition
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produced compacts possessing low porosity and high saturation magnetization of 6% and 31.89 emu/g,
respectively when it is sintered at 1550 °C for 2 h.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Spinel ferrites with the general formula AB,04 (A=Mn, Mg, Co
and Ni) are very important magnetic materials because of their
interesting magnetic properties combined with chemical and ther-
mal stability [1]. Magnesium ferrite, MgFe,04 is regarded as an
important candidate of the spinel family. It has a cubic structure
of the normal spinel-type and is a soft magnetic n-type semicon-
ducting material, which finds a wide number of applications in
heterogeneous catalysis [2-5], gas sensors [6,7], transformers, fer-
rofluids and magnet core of coils [3,8-11]. It has been demonstrated
that this material can be used for thermal coagulation therapy,
in which tumors are locally heated by application of an alternat-
ing magnetic field [12]. The general formula of magnesium ferrite,
MgFe,04, could be written as (Mg_xFex)[MgxFe;_x]04, where
parentheses and square brackets denote cation sites of tetrahe-
dral (A) and octahedral [B] coordination, respectively. The subscript
letter x represents the so-called degree of inversion (defined as the
fraction of the (A) sites occupied by Fe3* cations). It is widely appre-
ciated that properties of MgFe, 0,4 are highly sensitive to both the
cation distribution and the spin configuration which in turn depend
on the route of synthesis of the material.
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Several methods for synthesizing magnesium ferrites were
found in the literature including coprecipitation [13], a supercritical
drying processes [3,9], a micelle route [11], hydrothermal synthesis
[14,15], and a solid state reaction [6,7,16]. The most conventional
and economical method for preparation of magnesium ferrite is the
solid state reaction [13]. In this method the spinel is synthesized by
the chemical reaction between mixed oxides, hydroxides or car-
bonates at high temperature, where the reaction product is formed
by the thermal diffusion of cations through the ferrite film formed
between the starting oxides. In general, pure oxides, hydroxide and
carbonates were used as starting materials in synthesizing most of
the ferrites using this technique.

Here, a trial is made of using a solid state reaction technique
for synthesizing high density magnesium ferrite from a mixture
of conventional raw materials (Egyptian magnesite ore) and waste
iron oxide material (mill scale). Mill scale is considered as a valu-
able secondary raw material as a result of its high iron content,
low impurities and stable chemical composition. This material is
produced in huge quantities in steel making plants during the heat-
ing and subsequent rolling of steel slabs. Its specific production is
about 35-40 kg/ton of hot rolled product. Thus, for a million ton-a-
year steel plant, 35,000-40,000 tons of mill scale is produced. This
amount of mill scale contains about 25,000-30,000 tons iron. On the
other hand, magnesite ore located in high reserves in the Eastern
desert in Egypt mainly consists of magnesium carbonate (MgCOs3)
with traces of other impurities (such as: Ca0O, K50, Na,O0, SiO, and
Al;03). This material could be regarded as an excellent source of
MgO. Accordingly, both mentioned materials (mill scale and mag-
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Table 1

Chemical composition of non-standard raw materials.
Composition (%) Egyptian magnesite ore Mill scale
Fetotal 0.042 74.2
Femetal - 4
FeO - 39.4
Fe304 0.06 30.77
Si0; 0.88 0.36
Al,03 0.53 0.14
Cao 4.42 0.18
MgO 42.71 0.13
S - 0.022
Na,0 0.24 -
K,0 0.1 -
LO.L2 50.26 0.65
C - 0.65

2 Loss of ignition.

nesite ore) could be an excellent candidate in synthesizing a variety
of both hard and soft ferrites especially magnesium ferrite spinel.

In commercial technologies where ferrites are used as a rule,
materials of high density are required. Thus, magnesium ferrites
are often prepared from finely ground and highly reactive precur-
sor powders that, at high temperatures, are densified by sintering
through solid state reactions.

Meanwhile, using secondary resources or waste materials
can bring a higher output of ferrite at lower cost and make a
break-through in raw materials as well as technology. So it can
be considered as an economically valuable and environmental-
friendly process. Here, a ceramic method was applied to investigate
the effect of both sintering temperature and mixture composition
(weight ratio of magnesite ore to mill scale) on the phase formation
during sintering as well as the physical, mechanical and magnetic
properties of the sintered sample.

2. Experimental procedure

A mill scale sample was obtained from the Egyptian Iron and Steel Company,
while the magnesite ore was delivered from the Eastern desert, Egypt. The total
chemical composition of both materials is given in Table 1. Both materials were
finely ground to a mean particle size of 74 wm. Various batches of different mixture
composition from both materials were thoroughly mixed. The composition of the
mixtures is designed on the basis of increasing mill scale amount at the expense of
magnesite ore. The mixture composition is varied from 40 wt% magnesite ore with
60 wt% mill scale to 10 wt% magnesite ore with 90 wt% mill scale. The mixed sam-
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ples were pressed into compacts of a nominal diameter 13 and 18 mm height using
a uniaxial press machine. The green compacts produced were dried at 105°C for
24 h, and then treated at different temperatures. The synthesis temperature of pure
MgFe, 04 using conventional solid state reaction is higher than 1300°C[17]. Accord-
ingly, various sintering temperatures varying from 1300 to 1550 °C were applied for
the dried compacts. The bulk density as well as apparent porosity of the sintered
compacts was evaluated using Archimedes method. The compressive strength was
measured at ambient temperature using a universal test machine at a strain rate of
9.26 x 104 s~!. The different phases formed at different firing temperatures were
identified by the X-ray diffraction (XRD) technique (PW 1730) with nickel-filtered
Cu radiation (A =1.5A) at 40kV and 30 mA. On the other hand, the microstructural
changes accompanying the heat treatment of the compacted mixtures were exam-
ined by a scanning electron microscope (JEOL-JSM-5410) equipped with electron
dispersive X-ray spectrometer unit. The magnetic properties of the samples pro-
duced were studied using the vibrating sample magnetometer (model VSM-9600
M-1, USA). The measurements were conducted at room temperature in a maximum
applied field of 15 kOe. From the hysteresis loops obtained the magnetic properties
were determined.

3. Results and discussion
3.1. Effect of the amount of mill scale

The effect of the amount of mill scale varied from 60 to 90 wt% on
the phase changes as well as the physical and magnetic properties
of sintered compacts were investigated. The sintering conditions
were kept constant at 1300 °C for 2 h. Fig. 1 shows the X-ray diffrac-
tion patterns for sintered compacts containing different amounts of
mill scale. It is clearly noticed that a spinel structure of magnesium
ferrite (MgFe,04) whichis described in JCPDS # 88-1935 is detected
in all samples. Eight peaks centered at 26=30.3°, 35.67°, 37.3°,
43.92°,53.6°,58.07°,62.9° and 47.02°, which correspond to diffrac-
tion planes of (220),(311),(222),(400),(422),(511),(440)and
(53 4), respectively are detected. According to JCPDS # 88-1935, the
phase obtained has a cubic structure whose space group is Fd3m
(227)with alattice parameter of a=9.38 A. However, a single phase
spinel is obtained only for the sample containing 60 wt% mill scale.
At 70 wt% mill scale, other peaks related to hematite phase (Fe;03)
(JCPDS # 76-1166) was clearly developed. The intensity of hematite
peaks was increased markedly with an increase in the amount of
mill scale. For the sample containing 40 wt% magnesite ore with
60 wt% mill scale, the Mg:Fe mole ratio was found to be equal to
1:2.1. This mole ratio is slightly higher than the stoichiometric mole
ratio of Mg:Fe (1:2) required for synthesizing magnesium ferrite
using a ceramic technique. With an increase in the amount of mill

F = Magnesioferrite (MgFe,0,)
H = Hematite (Fe,03)
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Fig. 1. X-ray patterns for samples containing different amounts of mill scale and sintered at 1300°C for 2 h.
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Fig. 2. Effect of the amount of mill scale on the bulk density and apparent porosity
of sintered samples.

scale in the compacted sample there was an increase in the free
iron oxide (hematite) produced from the oxidation of unreacted
mill scale which consists mainly of magnetite (Fe30,4) and wustite
(FeO).

The effect of the amount of mill scale on the physical proper-
ties of the sintered compacts in terms of bulk density and apparent
porosity is shown in Fig. 2. It can be seen that increasing the amount
of mill scale leads to a significant increase in the bulk density with a
sharp decrease in the apparent porosity. This behavior is attributed
to the presence of magnetite as a main constituent of mill scale.
When pure magnetite is roasted at temperatures above ~815°C,
it oxidized rapidly to hematite with release of large amounts of
energy [18]. The oxidation reaction, shown in Eq. (1), is highly
exothermic and the amount of energy released from this reaction
acts as additional source of heat which supports sintering process
[19].

4Fe304 + 0y — 6Fe;03 (1 )

The increase of the amount of mill scale leads to release of more
amounts of heat during its oxidation which consequently boosts
the sample sinterability. This observation is confirmed from the
scanning electron microscope examination of the sintered com-
pacts shown in Fig. 3. With increasing amount of mill scale from
60 to 90wt% a considerable increase in the grain size of ferrite
spinel takes place from about 1-2 pm to >10 pm, respectively. This
grain growth can be related to the excess heat generated from the
oxidation of magnetite. However, this growth in the grain size is
responsible for an increase in the bulk density and a decrease in
the apparent porosity. Also, the increase of the grain size of the
spinel formed with increasing amounts of mill scale is due to the
fact that with a change in the relative amount of the powders of the
starting phases it is possible to vary the number of nucleation cen-
ters for the new phase, which affect the crystallite size of the new
phase being formed [20]. In case of a mixture of magnesium and
iron oxides, the thermal stability of the MgO lattice is much greater
than that of Fe, O3 lattice [20]. Also, the diffusional mobility of iron
cations is higher than that of magnesium cations [20]. Accordingly,
the crystal lattice of the spinel phase should form mainly on the
basis of the magnesium oxide lattice. Hence, with a decrease in
the concentration of magnesium oxide, the crystal lattice which
apparently forms the basis of the structure of the ferrite, there is a

’: 18pm

Fig. 3. SEM micrographs of sintered samples containing different percentages of
mill scale: (a) 60%, (b) 70%, (c) 80% and (d) 90%.

decrease in the number of nuclei and then an increase of the grain
size of the resultant ferrite [20]. In addition, the microstructure of
the sintered compacts revealed that the sample containing 60 wt%
mill scale contains high porosity percentage with small and large
pores. With an increased amount of mill scale, these large pores
completely disappeared and only small ones were observed.
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Fig. 4. Effect of the amount of mill scale amount on the compressive strength of
sintered samples.

The compressive strength of the sintered compacts as a func-
tion of the amount of mill scale is shown in Fig. 4. It is clear that
increasing the amount of mill scale leads to a sharp increase in the
compressive strength of the sintered compacts. This is attributed to
the enhancement in the sinterability with decreasing the apparent
porosity.

Fig. 5 shows the hysteresis loops for sintered samples contain-
ing different amounts of mill scale, while the magnetic properties
of sintered samples in terms of saturation magnetization and coer-
civity are given in Fig. 6. It is found that by increasing the amount of
mill scale from 60 to 70 wt% there is a slight increase in the satura-

i

1]
5 4 o 70%
£ 60%
@
=1
2
T 20
N
=
a 80%
§ 10 -
90%

T T o

-60p0 -4000 -2000 2000 4000 6000 80p0

Applied field H, Oe

Fig. 5. Magnetization hysteresis for samples containing different amounts of mill
scale.
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Fig. 6. Effect of the amount of mill scale on the magnetic properties of sintered
samples.

tion magnetization with an insignificant increase in the coercivity.
A further increase in the amount of mill scale (beyond 70 wt%) leads
to a sharp decrease in the saturation magnetization with a large
increase in the coercivity. It is believed that the magnetic properties
are largely dependent on the sample microstructure as well as its
density [21,22]. Increasing the amount of mill scale leads to a con-
siderable increase in the grain size of the spinel formed as well as an
increase in the sample density. This fact would be responsible for a
sharp increase in the saturation magnetization instead of the slight
increase detected. On the other hand, the presence of the hematite
species (Fe,03) was found to be responsible for a retardation of
the sample magnetic properties [23]. This means that, there are
two competing modes one (density and grain size) is responsible
for increasing the magnetization, while the other (Fe, O3 species) is
responsible for retardation of the magnetic properties. These two
competing modes may easily account for the slight increase of satu-
ration magnetization with increasing amount of mill scale from 60
to 70 wt%. The presence of traces of Fe, O3 species in the 70% sample
is responsible for the unexpected slight increase in the magneti-
zation. A further increase in the amount of mill scale results in a
large amount of Fe; O3 in the sample produced and its effect on the
magnetization will predominate leading to a sharp decrease in the
saturation magnetization. In addition Fe, O3 having a high intrin-
sic coercive force [24] means that increasing its percentage in the
sintered sample is responsible for a large increase in the coercivity.

The previous study indicates that, although the sample density is
improved with increasing mill scale amount it retards the magnetic
properties of the final product via introducing much amounts of
weak magnetic properties species (Fe;03 ). Accordingly the increase
in sintering temperature for the sample possesses single phase fer-
rite spinel (40 wt% magnesite ore with 60 wt% mill scale) would be
the solution for producing high density compacts of single phase
ferrite spinel.

3.2. Effect of sintering temperature

Fig. 7 shows the X-ray diffraction patterns for a sample con-
taining 40 wt% magnesite ore and 60 wt% mill scale and sintered at
different temperatures for 2 h. It is revealed that no changes in the
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Fig. 7. X-ray diffraction patterns for sample containing 60% mill scale and sintered at different temperatures.
phase composition were observed upon increasing the sintering Table2 ) )
temperatures up to 1550°C. Single phase magnesium ferrite phase Effect of sintering temperature on the properties of sintered samples.
was obtained for all the sintered samples. This is a good indication Properties Sintering temperature (°C)
of the high thermal stability of the magnesium ferrite phase. It is FB0 Vo e
worth mentioning that for the sample sintered at a much higher - .
temperature (at 1650°C, not given) a semi fusion occurred in the Sl (i ot ) 23] A 7
. d 1 his i lated he f. hat th Iti . f Apparent porosity (%) 42 25 6
sintere | sample. T is is re ated to the fact that the melting point o S v ST () 28.24 97.97 125.6
magnesium ferrite is about 1760 °C. Saturation magnetization (emu/g) 28.56 29.42 31.89
The properties of the compacts sintered at different temper- Coercivity (Oe) 6.397 5.524 4294

atures (bulk density, apparent porosity, compressive strength,
saturation magnetization and coercivity) are given in Table 2. It
is clear that increasing the sintering temperature leads to a sharp
increase in the bulk density and compressive strength while the
apparent porosity is sharply decreased. This is attributed to the
fact that with increasing sintering temperature the compact sin-
terability is largely improved. It is well known that the sintering
temperature, soaking time and compaction pressure are the main
parameters controlling the compact sinterability. Increasing the

values of any one of them leads to a large improvement in the
compact sinterability [25]. The enhancement in sinterability gives
opportunity for the grain boundaries to contact at the expense of
the entire porosity, leading to pore-closing and elimination. This
interpretation is confirmed with the SEM investigations shown in
Fig. 8. The low and high magnification micrographs of samples
sintered at 1450 and 1550°C revealed that increasing the sinter-

18pm

Fig. 8. SEM micrograph of sintered samples containing 60% mill scale and sintered at different temperatures. (a) and (b) low and high magnifications of sample sintered at
1450°C, respectively. (c) and (d) low and high magnifications of sample sintered at 1550 °C, respectively.
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ing temperature leads to a better grain growth at the expense
of the total porosity. By increasing the sintering temperature to
1550°C the grain growth is improved and forms large grain size
of about 50 wm. Such effect of sintering temperature (without any
remarkable change in the phase formation during sintering) is the
main reason for improving the magnetic properties of the sintered
compacts. The saturation magnetization is found to be increased
with an increase in the sintering temperature while the coerciv-
ity decreased. The most important observation here is that a high
density single phase magnesium ferrite compact with a porosity
of about 6% is obtained for a sample sintered at 1550°C. In addi-
tion, this sample possesses the highest saturation magnetization
of 31.89 emu/g which is too close to the value of 33.4emu/g for
bulk MgFe,04 [26]. However, a fully dense magnesium ferrite with
a porosity <1% was not obtained under these conditions. On the
other hand the sintering temperature for obtaining the high den-
sity compacts is too high. These lead us to suggest adding sintering
aids to obtain fully dense compacts at expected lower temperatures
using the same starting materials. A report on this aspect will be
the subject of a separate article.

4. Conclusion

High density magnesium ferrite spinel was successfully syn-
thesized from a mixture of Egyptian magnesite ore and mill scale.
Increasing the amount of mill scale in the green compact improved
the grain growth, the compressive strength as well as the physical
properties of the final sintered compacts. However, it dramatically
decreased the magnetic properties of the sintered samples. The
effect of different sintering temperatures on the sample possess-
ing a single phase magnesium ferrite spinel revealed that a high
density magnesium ferrite compact with extremely high satura-
tion magnetization was obtained for a compact sintered at 1550°C
for 2 h.
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