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This work pointed out the effect of adding P,Os and/or MnO, on the crystallization behavior of
magnetic glass ceramic in the system Fe,03-ZnO-Ca0O-SiO,'B,05. The differential thermal anal-
ysis of the quenched samples revealed decrease in the thermal effects by adding P,Os and/or
MnO, to the base sample. The X-ray diffraction patterns show the development of nanometric
magnetite crystals in a glassy matrix. Heat treatment at 800 °C for 2 h, under reducing atmo-
sphere, caused an increase in the amount of the crystallized magnetite with the appearance of
minor hematite and Ca,SiO,4. The transmission electron microscope revealed a crystallite size
in the range 10-30 nm. Magnetic hysteresis cycles were analyzed with a maximum applied field
of 25 kOe at room temperature. The prepared magnetic glass ceramics are expected to be useful

Magnetite for localized treatment of cancer.
© 2013 Production and hosting by Elsevier B.V. on behalf of Cairo University.
Introduction effects [2]. On the contrary, these temperatures are safe for sur-

Hyperthermia destroys cancer cells by raising the tumor tem-
perature to a “‘high fever” range, similar to the way that the
body naturally uses to combat other forms of disease [1]. Gen-
erally, tumors are more easily heated than the surrounding
normal tissues, since blood vessels and nervous systems are
poorly developed in the tumor, and cancer cells are easily
killed by heat treatment, since oxygen supply via the blood ves-
sels is not sufficient in the tumor. Hence hyperthermia is ex-
pected to be a most useful treatment for cancer with no side
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rounding healthy tissues with normal and efficient blood cool-
ing systems [2].

Bioactive ferromagnetic glass—ceramics are expected to be
useful as thermoseeds for hyperthermia treatment of cancer,
especially deep-seated cancers such as bone tumors. When fer-
romagnetic glass—ceramics are implanted around tumors in
granular form, they are bonded to each other so as not to be
moved by forming biologically active bone-like apatite on
them [3], and stably fixed around the tumors if they are located
near bones. Moreover, when they are placed under an alternat-
ing magnetic field, they generally heat effectively cancer cells to
be necrotized by magnetic hysteresis loss. After heating, they
can also reinforced weakened timorous bone by bonding to
bone.

Several materials that generate heat by hysteresis loss have
been developed [4-9]. Among them, bioactive ferro and
ferrimagnetic glass—ceramics have been investigated [10-13].
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Preparation of magnetite-containing glass ceramics has been
reported by several workers [2,14,15]. It is known that heat
generation depends mainly on the magnetic properties of the
implant, the magnetic field parameters and the characteristics
of the tissue [16].

Bretcanu et al. [16] prepared ferrimagnetic bioglass—
ceramics containing 45 wt% of magnetite revealing a satura-
tion magnetization of 34 emu/g and a coercive force of
85 Oe. The estimated heat generation of this glass—ceramic
using a magnetic field of 40 kA/m and a frequency of
440 kHz was 25 W/g. The previous material showed a bioac-
tive behavior after 2 weeks of soaking in a simulated body
fluid. Ebisawa et al., in 1997 [2] prepared glass ceramic con-
tains 36% magnetite, in a matrix of CaO-SiO, based glass,
and B-wollastonite which showed ferrimagnetisms and no
bioactivity [17].

Kuwashita et al. [18] prepare zinc-iron ferrite (Zn,Fe;_,Oy)
in a CaO-SiO, glassy matrix by heat-treatment under 95
CO, + 5H, atmosphere. The prepared material showed a
large amount of heat generation of 12.4 W g~! under condi-
tions of 300 Oe and 100 kHz.

Wu et al. [19] found that, Zn ions play an important role in
the human body, as reported to be involved in bone metabo-
lism and can stimulate bone formation and increase bone pro-
tein, calcium content, and alkaline phosphates activity in
humans and animals. They crystallize hardystonite (Ca,Zn-
Si,07) which might be biocompatible and used as biomaterials
[191.

From all the above mentioned materials manganese zinc
ferrite (Mn—ZnFe,O4) have special importance due to its high
initial permeability, saturation magnetization and relatively
lower eddy current loss compared to alloy cores [20], moreover
Mn—Zn ferrites are very important in biomedicine as magnetic
carriers, such as in bioseparation, enzyme and protein immobi-
lization [21].

This work aimed at preparation and characterization of
magnetic glass ceramic in the Fe;03Zn0-Ca0-SiO,'B,03 sys-
tem containing P,Os and MnO,. The influence of adding dif-
ferent addition from P,Os and/or MnO, on sequence of
crystallization, amount and crystal size of the developed ferrite
and microstructure were studied.

P,Os5 was added to study its effect as nucleating agents on
the crystallization of magnetite, while MnO, were added to
study the effect of replacing Fe** by Mn?", in the magnetite
crystals, on the crystallization process.

Experimental

Theoretical considerations on designing glass ceramic
composition

In previous work [22], the authors succeed to precipitate
~60% nanoparticles magnetite in two different systems,
F6203'CaO'ZnO~Si02-B203 and F€203'CaO'Si02'B203. The
results showed that, crystallization of large amount of nano-
particles of magnetite in the presence of Zn ions; consequently
the saturation magnetization was increased to reach
52.13 emu/g. In order to improve the amount and nano-crys-
tallite size of magnetite, we got before in the Zn-containing
sample, different oxides such as TiO,, Na,O and P,Os were
added to this composition. The results showed that, addition

of the P,Os was greatly enhancing the amount and nano-crys-
tallite size of magnetite.

Preparation of glasses

The chemical compositions of the examined glasses are shown
in Table 1. About 100 g powder mixtures of our compositions
were prepared from reagent grades of CaO as Ca,COs, SiO,,
Fe,O;, ZnO and B,O; as H;BOs;. Different amounts of
MnO, (0.5-40 gm) as MnCO; and/or P,Os (3-10 gm) as
NH4H,PO, were added over 100% batch composition.

Our target was to obtain a glass—ceramic, not a ceramic
material, so a melting step was necessary. Based on their com-
positions, the batches were melted in a platinum crucible at
1350-1400 °C for 2 h in an electric furnace, with occasional
swirling every 30 min to ensure homogenization. As the
amount of P,Os and/or MnQO, increased the melting tempera-
tures decreased. The glass melted at 1400 °C was poured onto
a stainless steel plate at room temperature and pressed into a
plate 1-2 mm thick by another cold steel plate. An additional
sample was poured at 1450 °C to study the effect of increasing
temperature on the crystallization of magnetite.

Crystallization of glasses

The samples were thermally examined using Differential Ther-
mal Analysis (DTA). According to the DTA results the ob-
tained samples were covered with active carbon powders, to
apply a reducing atmosphere preventing ferrous ions from oxi-
dation, and heated up to various temperatures at a rate of
10 °C min in a SiC electric furnace for crystallization. It was
noticed that the synthesis parameters (such as temperature,
time, heating rate, and atmosphere) play a fundamental role
for magnetite crystallization.

Characterization

The quenched samples were subjected to powder X-ray diffrac-
tion using Ni-filled Cu Ko radiation for determining the types
and contents of the precipitated crystalline phases. The average
crystallite size of magnetite in the heat treated and untreated
samples for the most intense peaks (220, 311, 400, 511 and
440) was determined from the XRD using Debye—Scherrer for-
mula: D = kA/B cos O, where D is particle size, k is constant, 4
for Cu is 1.54 A, B is full half wide and 20 = 4°. The micro-
structures of prepared samples were studied using TEM. The
sample was crushed and sonically suspended in ethanol and
few drops of the suspended solution were placed on an amor-
phous carbon film held by copper microgrid mesh and then ob-
served under transmission electron microscope.

Results and discussion

Characterization

Fig. 1 shows thermal behavior of samples under investigation.
All curves show a glass transformation temperature (Tg) typi-
cal of an amorphous phase in the range of 634-675 °C and
exothermic peak in the range of 700-892 °C. The transforma-
tion temperature is accompanied by absorption of the heat
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Table 1 Chemical composition of the studied glasses in wt%.

Sample Fe,04 CaO ZnO Si0, B,O5 P,Os" MnO>"
FHP 58.26 13.88 10.07 14.88 291 3 -
FHP1 58.26 13.88 10.07 14.88 291 5 —
FHP2 58.26 13.88 10.07 14.88 2.91 7 -
FHP3 58.26 13.88 10.07 14.88 291 10 =
FHPMnO.5 58.26 13.88 10.07 14.88 291 10 0.5
FHPMn10 58.26 13.88 10.07 14.88 291 10 10
FHPMn20 58.26 13.88 10.07 14.88 2.91 10 20
FHPMn 40 58.26 13.88 10.07 14.88 291 10 40

* P,0s and MnO, were added above 100%.
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Fig. 1 Differential thermal analysis of samples under
investigation.

required for rearrangement of different atoms as a pre-crystal-
lization step. The presence of the glass transition temperature
confirms the presence of reasonable amounts of residual amor-
phous phases for the glass—ceramic samples [23]. The glass
transition temperatures of quenched samples are similar for
glasses containing iron ions [24] especially for FHPMn40 sam-
ple (639 °C). Tg was followed by an exothermic peak(s) corre-
sponding to the crystallization process with an energy release.
In general, a significant decrease in the thermal effects was ob-
served by adding P,Os and/or MnO,.

The transformation temperature is known to be a good
indicator for the relative amount of amorphous phase present
in the samples. In the present study, an increase of both exo-
thermic and endothermic peaks was noticed on samples con-
tain MnQO,, than base composition (FHP), thus indicate the
mineralizing role of MnO, in enhancing the magnetite crystal-
lization at the melting temperature. Consequently, the amount
of the amorphous phase was decreased; leading to thermal
transformation processes occur at higher temperatures. The in-
crease in the area under the exothermic peak and consequently
the enthalpy in FHPMn40 sample certify the above result.
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Fig. 2 XRD of different samples after cooling from melting
temperature.
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Fig. 3 Effect of P,Os and MnO, amount on the lattice
parameters of crystallized ferrites after cooling from melting
temperature.

From XRD results, the only crystallized phase after cooling
from the melting temperature was magnetite. It can be clearly
seen that, sharp peaks of all treated samples reflect high degree
of crystallinity. Economically, although the samples melted at
1450 °C showed slight higher magnetite peak intensities, only
samples melted at 1400 °C will be considered.

The X-ray diffraction patterns of glass—ceramics after cool-
ing from melting temperature (1400 °C) are shown in Fig. 2.
The results present patterns corresponding to the common
structure of magnetite (Fe30,4) in a pure phase without any
other phase’s interference.

These XRD diagrams coincide with those reported in the
previous work for the parent sample (Fe3O,4) [25]. They are
dominated by a strong Bragg peak located at ca. 20 = 35°
and peaks with medium intensity at 30°, 57° and 63°. Consid-
ering the intensity and position of the peaks, it is well known
that patterns of the Cubic unit-cell (Fd3m space group) can
be identified as magnetite phase.

Generally, the cumulative results of all samples were veri-
fied by cell volume calculation which revealed that, the cell vol-
ume increased by adding MnO, and slightly decreased by
adding P,Os. The explanation of the cell volume enlargement
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Fig.4  Effect of P,O5 and MnO, on the average crystallite size of
crystallized ferrites after cooling from melting temperature.

could be explained as follows: the diffraction lines of the crys-
tallized magnetite with an increasing amount of MnO, were
shifted to a higher d-spacing with an increase in the (a) lattice
parameter than that recorded in the reference data card of
JCPDS (Joint Committee on Powder Diffraction Standards)
which show a value of ¢y = 8.393-8.399 A. This shift may be
attributed to the incorporation of Mn?* with its high ionic ra-
dii in the developed crystals of the magnetite solid solution (ss).
Contrary, the P,Os addition caused slight lowering in the lat-
tice parameter values of magnetite.

In order to illustrate how the unit cell and cell volume
changes as a function of P,Os and MnO, content, the lattice
parameters a, and cell volume were determined as a function
of P,Os and MnQO, content by the least-squares method,
Fig. 3. The cubic parameters calculated via a least-squares
refinement method using 14 well-defined XRD lines are
a = 8.406 (2) and a = 8.466 (9) A for FHP3 and FHPMn
40, respectively. For these materials the spinal structure is well
preserved upon considerable P,Os and MnO, addition. As
shown in Fig. 3, adding P,Os results in a slightly decrease of
the cubic parameter; the a-axis shrinks can be explained as fol-
low: P,Os provides an example of a network-former which
exhibits the characteristics of nucleating agent. The phospho-
rus ion, P°*, assumes tetrahedral co-ordination and therefore
provides an example of phase separation due to a charge dif-
ference between the principal network-former, Si**, and the
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Fig. 5 XRD patterns of different samples after heat treatment at
800 °C for 2 h.
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Fig. 6 TEM of different samples after cooling from melting temperature.

“foreign” network-former ions, P> [26]. It is interesting to re-
mark that the lattice parameter variations are very similar for
the different dopant concentrations. On the contrary, adding
Mn>" cations caused progressive increase in lattice parameter,
where Mn”>" which have large ionic radius (93 pm) replaced
the lower ionic radius Fe*™ ions (65 pm).

Several factors can contribute to the broadening of peaks in
X-ray diffraction [25,27]. For example, the instrumental fac-
tors related to the resolution and the incident X-ray wave-
length, as well as the sample factors such as crystallite size
and non-uniform microstrain. In the case of an instrumental
broadening, the line width will vary smoothly with 20 or d

spacing. On the other hand, the line broadening originating
from the sample characteristics will have a different relation-
ship. Combining the Scherrer’s equation for crystallite size
and the Bragg’s law for diffraction, crystallite size and micro-
strain components are estimated by using the following
equation:
292

B’ cos’ 0 = l6(e2>sin20-|—KL—f7 (1)
where B is the full-width at half-maximum (FWHM) after cor-
rection of the instrumental broadening for finely powdered sil-
icon powder, 0 is the diffraction angle, {¢*) denotes local
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strains (defined as Ad/d being the interplanar spacing), L is the
crystallite size and K is a near-unity constant related to crystal-
lite shape.

Crystallite size obtained from XRD, Fig. 4 shows a com-
mon crystallization of magnetite nano particles (<100 nm).
Increasing amount of MnO, added leads to significant increase
in the crystallite size which may attributed to the replacement
of Fe ions (smaller ionic radius) by Mn ions (larger ionic
radius).

The broadness of magnetite peaks shown in XRD data are
in the order of FHPMny, > FHPMn,, > FHPMn,, >
FHPMn, 5 and consequently the crystallite size are increased
in the same order.

Heat treatment of different samples at 800 °C for 2 h under
reducing atmosphere, Fig. 5 revealed increase in the magnetite
phase and crystallization of minor hematite and calcium sili-
cate (Ca,SiO4). Two different structures of magnetite were
developed. As the amount of magnetite increased there are
chance to crystallize to different structure forms from
magnetite.

Comparing the XRD patterns of glass—ceramics obtained
by cooling of molten glass Fig. 1 and after the additional ther-
mal treatment, Fig. 5, it can be concluded that, the difference
in the relative amount of crystallized magnetite in the samples
(in spite of containing the same amount of iron oxide) could be
attributed to the effects of adding MnO, on lowering the vis-
cosity of the melt and formation of solid solution with magne-
tite, consequently, some iron oxides remain entrapped in the
matrix.

The lattice strain has an opposite direction to lattice con-
stant. Increasing the lattice strain leads to an increase in the
internal forces/stresses which may oppose the crystal growth
of magnetite. Thus, the crystallite size of magnetite, in case
of FHP sample, will be slightly lowered than that in
FHPMn0.5, FHPMn10, FHPMn20, FHPMn40 respectively;
which is confirmed by TEM.

TEM of some selected samples are shown in Fig. 6. The
crystallization of one or different phases is evidenced in
TEM micrographs. TEM revealed precipitation of nano size
rounded crystals of only magnetite phase dispersed in amor-
phous glassy phase in the quenched FHPMn0.5 and
FHPMn20 samples. The crystallite size was increased by add-
ing MnO, as seen before from XRD analysis. Diffraction of
FHPMn20 revealed crystallization of single phase, which mean
the incorporation of Mn ions in magnetite.

Magnetic properties

Fig. 7 and Table 2 illustrate the variation of hysteresis curves
and magnetic values with heat treatment temperatures under
a magnetic field of 25 kOe. It could be observed that all the
samples exhibited a similar magnetic behavior, which is char-
acteristic for soft magnetic materials, with a thin hysteresis cy-
cle and low coercive field. Magnetite is the only crystallized
phase regarded as ferromagnetic phase, accordingly, increasing
or decreasing in M, will be related to the amount of crystal-
lized magnetite. FHP sample have the highest M value reach-
ing 58.99 emu/g, this value was decreased to 38.59 emu/g by
increasing the amount of P>Os added. These results reflect
the effect of adding high quantity of P,Os on decreasing the
degree of crystallinity in quenched samples. Addition of

40 gm Mn led to significant decrease in M to 23.94 emu/g,
which can be attributed to incorporation of the lower magnetic
element (Mn) in the higher magnetic one (Fe;0,).

The remanence is the amount of magnetic materials which
could be magnetized, even in the absence of external magnetic
field. The remanance magnetization values were much lower
than the saturation magnetization values. This could be due
to structural features of glass—ceramic [16]. The coercive field
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Fig. 7 Magnetic hysteresis of quenched samples under a
maximum magnetic field of 25 kOe.
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Table 2 Magnetic properties of quenched samples under a maximum magnetic field of 25 kOe.

Sample no. Magnetic properties

M, (emu/g) M, (emu/g) Hc (Oe)
FHP 58.99 4.634 24.76
FHP3 38.59 3.32 76.494
FHPMn40 23.941 0.99 27.358

depends on the microstructure. In general, as the particle size
increase the coercive field decrease.

Role of P,Os

It has been reported that, P,Os enhance the nucleation density
and thus restricts the crystal growth and induces amorphous
phase separation. P,Os can induce phase separation to pro-
mote heterogencous nucleation and then produce a fine-
grained interlocking morphology. The heterogeneous nucle-
ation was favorable in reducing nucleation energy.

The addition of P,Os, greatly affects phase formation and
morphology. It led to a slight increase in the peak crystalliza-
tion temperature observed in DTA curves due to the reduction
in the number of remaining sites available for magnetite crys-
tallization, where most of the magnetite was crystallized from
melt during cooling to room temperature.

Yinnon and Uhlmann [28] suggested that the nucleating
agents could be selectively enriched in one separated phase
thus providing the cites for nucleus. Ryerson and Hess [29]
proposed that when a modifier cation is added in a silica melt,
it is surrounded by both O, and O,,,. This oxygen isolates the
network-modifier cations from each other by providing screens
that masks the positive charge. However, modifier cations that
are partly or wholly coordinated by bridging oxygen are
poorly shielded from each. Consequently, substantial columbic
repulsions occur between network-modifier cation with give
rise to the enthalpy of unmixing and consequently lead to
phase separation. Markhasev and Sedletskii [30] found that
immiscibility fields expand with a decrease of the ionic radius
of the modifier cation in binary silicate melt.

Role of MnO,

MnO, have a significant effect on lowering viscosity of the
melt, so increasing amount of MnO, added leads to decreasing
the melt viscosity and facilitating the mobility of different ions
causing a relatively larger crystallite size as imprinted from
XRD and TEM results. On the other hand, Mn ions can re-
place Fe ions and make it possible for higher amounts of mag-
netite to be crystallized.

Conclusions

A series of magnetic glass ceramics contains different additions
of P,Os and/or MnQO; in the system Fe,O5Zn0O-Ca0O-SiO,-
B,Oswere prepared. A significant decrease in the thermal ef-
fects was observed by adding P,Os5 and/or MnO,. XRD of
quenched samples show crystallization of magnetite with par-
ticle size ~10-30 nm. Addition of MnO, enhanced crystalliza-
tion of more magnetite during cooling from melting

temperature. Heat treatment at 800 °C for 2 h, under reducing
atmosphere, caused an increase in the amount of the crystal-
lized magnetite with the appearance of minor hematite and
Ca,Si0y4. M, value reaching 58.99 emu/g. The prepared mag-
netic glass ceramics are expected to be useful for localized
treatment of cancer.
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