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KEYWORDS Abstract This work pointed out the preparation of a magnetic glass—ceramic in the system Fe,O5Z-
Magnetite nanocrystals; n0O-Ca0-SiO,. The base composition was designed to crystallize about 60% magnetite. The influence
Glass—ceramic; of adding TiO,, Na,O and P,Os separately or as mixtures was studied. The DTA of the glasses revealed
Ferrimagnetic; a decrease in the thermal effects by adding P,Os, TiO, and Na,O in an increasing order. The X-ray dif-
Hyperthermia; fraction patterns showed the presence of nanometric magnetite crystals in a glassy matrix after cooling
Cancer from the melting temperature. The crystallization of magnetite increased by adding TiO,, and P,Os,

respectively, and decreased by adding Na,O. Heat treatment was carried out for the glasses in the tem-
perature range of 1000-1050 °C, for different time periods, and led to the appearance of hematite and 8-
wollastonite, which was slightly increased by adding P,Os or TiO, and greatly enhanced by adding
Na,O. Samples containing mixtures of TiO,, Na,O, and P,O5 showed a summation of the effects of
those oxides. The microstructure of the samples was examined by using TEM, which revealed a crystal-
lite size of magnetite to be in the range of 52-90 nm. Magnetic hysteresis cycles were analyzed using a
vibrating sample magnetometer with a maximum applied field of 10 kOe at room temperature in
quasi-static conditions. From the obtained hysteresis loops, the saturation magnetization (M), rema-
nence magnetization (M,) and coercivity (H.) were determined. The results showed that the prepared
magnetic glass—ceramics are expected to be useful for a localized treatment of cancer.
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2090-1232 © 2011 Cairo University. Production and hosting by

Elsevier B.V. Al rights reserved. Nanoparticles ferrimagnetic glass—ceramics seem to play an

essential role in the future technology, especially in different

Peer review under responsibility of Cairo University. health care uses, such as cell separation, magnetic resonance

doi:10.1016/j.jare.2011.07.001 imaging contrast agents, drug delivery and hyperthermia treat-
ment of cancer [1-4].

Hyperthermia destroys cancer cells, by raising the tumor

temperature to a “‘high fever” range, similar to the way that

the body naturally does to combat other forms of diseases
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[3]. Generally, tumors are more easily heated than the sur-
rounding normal tissues. Blood vessels and nervous systems
are poorly developed in the tumor mass. Therefore, oxygen
supply that reaches the tumor via those vessels is not sufficient,
which leads to the death of cancer cells by heat treatment.
Hence hyperthermia is expected to be very useful in cancer
treatment. Moreover, hyperthermia has no side effects on the
healthy tissue that surround the tumor and has efficient blood
cooling systems [4,5].

The importance of magnetic nanoparticles or nanocrystals
comes from their remarkable new phenomena, such as super-
paramagnetism, high field irreversibility, high saturation field,
and extra anisotropy contributions or shifted loops after field
cooling. These phenomena arise from the finite size and surface
effects that dominate the magnetic behavior of individual
nanoparticles or nanocrystals [1,6,7].

In a previous work we have designed to precipitate ~60%
nanocrystals of magnetite in two different compositions based
on the crystallization of hardystonite (Ca,ZnSi,0O7), or wollas-
tonite (CaSiO3), beside magnetite [4] and we have found that,
crystallization of magnetite nanocrystals was enhanced greatly
in the presence of Zn ions and consequently the saturation mag-
netization was enhanced and reached the value of 52.13 emu/g.

In the presented work, we have tried to improve the previ-
ously obtained magnetic properties [4]. This was carried out
through the investigation of the influence of the addition of
different oxides, such as TiO,, Na,O and P,Os, on the amount
and grain size of the precipitated magnetite nanocrystals in the
system Fe,03-Ca0-Zn0O-SiO,. These oxides were chosen be-
cause they were known to cause a decrease in the viscosity of
the melt, enhancing the phase separation process and conse-
quently enhancing the crystallization process [8—14].

Material and methods
Preparation of glasses

The glass was designed to crystallize ~60% magnetite and
40% hardystonite. The study of the effect of adding TiO,,
Na,O and P,Os separately or as mixtures on the crystallization
sequence, and magnetic properties, was carried out. The sam-
ples were denoted as FHP, FHN, FHT and FHPNT according
to the oxide additions. The chemical compositions of the
examined glasses as well as their codes are shown in Table 1.
About 100 g powder mixtures of these compositions were pre-
pared from the reagent grade of CaO (as Ca,COs), SiO,,
Fe,03, and ZnO. In addition, B,O3 (as H3;BO3), TiO,, Na,O
(as Na,COs) and P,Os (as NH4H,PO,4) were added above
100%. Our target was to obtain glass—ceramics, not ceramic

materials, so a melting step was necessary to achieve the nucle-
ation of magnetite in a liquid-derived amorphous phase. The
batches were placed in a platinum crucible, and melted in an
electric furnace, at 1350 °C for 2 h. The melts were poured
onto a stainless steel plate, at room temperature, and pressed
into a plate of 1-2 mm thick by another cold steel plate.

Crystallization of glasses

Thermal behavior of our samples was examined using differen-
tial thermal analysis (DTA). DTA was performed using SE-
TRAM Instrumentation Regulation, Labsys™ TG-DSCI16
under inert gas. According to the DTA results, the obtained
glasses were subjected to different heat treatment schedules.
This was carried out to study the effect of applying different
temperatures on their crystallization behavior. Samples plates
were covered with active carbon powder during the heat treat-
ment, to apply a reducing atmosphere, and to prevent the fer-
rous ions from oxidizing while heating up the samples, at a rate
of 3 °C/min, up to various crystallization temperatures. Heat-
ing of samples was carried out in a SiC electric furnace. It was
noticed that the synthesis parameters (such as temperature,
time, heating rate, and atmosphere) play a fundamental role
for magnetite crystallization.

Characterization

The heat treated glasses were subjected to powder X-ray diffrac-
tion analysis (XRD), using Ni-filled Cu-Ka radiation, to deter-
mine the types and contents of the crystalline phases precipitated
as a result of their crystallization. XRD was performed using
Pruker DS Advanced instrument. The average crystallite size
of magnetite, precipitated in the as prepared glasses, and of
those subjected to heat treatment, was determined for its most
intense peaks (220, 311, 400, 511 and 440), from their XRD pat-
terns, by using Debye—Scherrer formula:

D =kl/Bcos ®

where D is the particle size, k is constant, A for Cu is 1.54 A, B
is the full half wide and 20 = 4°. The heat treated glasses were
crushed, and sonically suspended in ethanol. Few drops of the
suspended solution were placed on an amorphous carbon film
held by copper microgrid mesh and were observed under trans-
mission electron microscope (ZEISS Germany).

The magnetic properties of the as prepared and heat treated
samples were measured at room temperature using a vibrating
sample magnetometer (VSM; 9600-1 LDJ, USA) in a maxi-
mum applied field of 10 kOe. From the obtained hysteresis
loops, the saturation magnetization (M), remanence magneti-
zation (M) and coercivity (H.) were determined.

Table 1 Chemical composition of the studied glasses in wt.%."

Sample FeZO3 CaO ZnO SIOZ B203 P205 NaZO T102
FH 60 14.3 10.38 15.32 3 = = =
FHP 60 14.3 10.38 15.32 3 3 =

FHN 60 14.3 10.38 15.32 3 = 3 =
FHT 60 14.3 10.38 15.32 3 = 3
FHPNT 60 14.3 10.38 15.32 3 3 3 3

% B,03, P,Os, Na,O and TiO, were added above 100%.
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Results and discussion

The compositions of all glasses were not significantly different.
Therefore, the observed thermo-physical properties of all the
glasses were similar with respect to their Ty, T, and uH values.
However, it was clear that any slight changes in their compo-
sition, by the introduction of nucleating agents, may have dra-
matic effects on the chronology and morphology of the
precipitated phases [15]. Fig. 1 and Table 2 reveal the thermal
behavior of the samples under investigation. All the samples
showed transformation temperatures in the range of 587—
662 °C, and one exothermic peak in the range of 788-840 °C.
It could be noticed that the temperatures of the thermal effects
increased by adding P,Os (FHP) than that of the base glass
(FH), while the addition of Na,O led to a significant decrease
in all the temperatures of the thermal effects. The addition of
TiO, (FHT) showed thermal effects similar to that of the base
glass. The addition of mixtures of P,Os, TiO, and Na,O
(FHPNT) led to slight shifts in 7, and exothermic peaks to
lower temperatures. This effect was due to the summation of
the individual oxide effects. It should be noted that the in-
crease in all the exothermic and endothermic peaks indicates
an increase in the amount of magnetite phase precipitated in
the quenched glass and led to observed thermal transformation
processes that occurred at higher temperatures, and the oppo-
site is right [2]. Furthermore, the peaks of FHN had larger
areas and, consequently, had higher enthalpy than those re-

Table 2 DSC results of samples under investigation.

Sample T, (°C)  Exothermic peak (°C) Enthalpy (uV s/mg)
FH 662 838 —10.4299
FHP 683 840 —3.7129
FHN 587 788 —15.3775
FHT 662 831 —12.0901
FHPNT 639 830 —11.3595

corded for FHT, FHPNT and FHP, respectively. This can
be attributed to the fact that the addition of P,Os greatly en-
hances the precipitation of the magnetite in glass melts during
their cooling from the melting temperatures, while the addition
of Na,O had a significant effect on inhibiting magnetite forma-
tion during cooling. On the other hand, the addition of TiO,
had increased the amount of crystallized magnetite; however,
its effect was slightly lower than that caused by the addition
of P,Os. All curves showed a glass transition temperature
(T,) typical of an amorphous phase. The T, values of glass—
ceramics are useful as an indicator of the amount of SiO; in
the residual glass [11]. The presence of the glass transition tem-
perature confirmed the presence of a reasonable amount of
residual amorphous phases in all the glass—ceramic samples.
As the amount of magnetite in the quenched glass was in-
creased, the 7, was increased. The glass transition tempera-
tures of the prepared glass—ceramics were similar to those of

Exo. >
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3
=
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D
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838
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Temperature (°C)

Fig. 1

DTA curves of samples under investigation.
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the glasses containing iron ions [16,17], this was clearly noticed
for FHPNT sample (639 °C).

The X-ray diffraction patterns of the as prepared samples
after cooling from the melting temperature are shown in
Fig. 2(a). The picture presents the patterns corresponding to
the common structure of magnetite (Fe3O,4). The diffraction
lines of the crystallized magnetite are slightly shifted, as com-
pared with the reference data, indicating a slight variation of
the lattice constants of magnetite.

By comparing the XRD pattern of the base sample [4] with
those obtained for the samples, after the addition of P,Os,
Na,O and TiO, (Fig. 2 and Table 3), we could notice that, in gen-
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Fig. 2 XRD analysis of FHP, FHN, FHT and FHPNT samples,
(a) without heat treatment, (b) heat treated at 1000 °C/1 h, (c) heat
treated at 1050 °C/1 h and heat treated at 1050 °C/3 h.

Table 3 Crystallized phases at different heat treatment
schedules.

Sample  Heat treatment Crystallized phases
parameters
FHP As quenched Magnetite
1000 °C/1 h Magnetite, hematite, 3-wollastonite
1050 °C/1 h Magnetite, hematite, 3-wollastonite,
cristobalite
1050 °C/3 h Magnetite, hematite
FHT As quenched Magnetite
1000 °C/1 h Magnetite, hematite, f-wollastonite
1050 °C/1 h Magnetite, hematite, 3-wollastonite
1050 °C/3 h Magnetite, hematite
FHN As quenched Magnetite
1000 °C/1 h Magnetite, hematite, 3-wollastonite
1050 °C/1 h Magnetite, hematite, f-wollastonite
1050 °C/3 h Magnetite, hematite, 3-wollastonite
FHPNT  As quenched Magnetite, hematite

1000 °C/1 h Magnetite, hematite, f-wollastonite
1050 °C/1 h Magnetite, hematite, 3-wollastonite
1050 °C/3 h Magnetite, hematite, 3-wollastonite

eral, the amounts of magnetite that crystallizes directly by cool-
ing down the samples from melting temperature were slightly
smaller than those precipitated in base glass FH. Adding P,Os
(FHP) revealed the crystallization of large amounts of only mag-
netite phase (slightly lower than base composition). Significant
decreases in the amounts of magnetite were detected by adding
TiO, and Na,O, respectively. Addition of mixtures of P,Os,
Na,O and TiO; led to the crystallization of a larger amount of
magnetite than that precipitated in FHN and FHT; but still low-
er than that precipitated in FHP. Traces of hematite appeared in
quenched FHPNT samples. It could be clearly seen that all
glass—ceramic samples have a high degree of crystallinity, as re-
vealed by sharp peaks. The broadness of the peaks were in the
order of FHT > FHN > FHPNT > FHP and consequently
the crystallite size was increased in the order of FHT < FHN <
FHPNT < FHP (Table 4). The difference in the relative
amount of crystallized magnetite in the samples (in spite of that
all samples contained the same amount of iron oxide) could be
attributed to the different effects of the added oxides on viscos-
ity, phase separation, and the formation of solid solution with
magnetite and consequently some iron oxides remain entrapped
in the matrix [18].

Heat treatments of the samples at different temperatures
revealed the crystallization of hematite, and B-wollastonite as
minor phases, beside the main crystallized phase of magnetite.
Traces of cristobalite appear in FHP sample that was heat
treated at 1050 °C/1 h. The amounts of minor crystallized
phases depended on the chemical composition and heat
treatment schedules. The relative crystallization of hematite
and B-wollastonite, with respect to magnetite, was very small

Table 4 Crystallite size of magnetite (nm) for different
samples.

Sample FHN FHT FHP FHPNT
As quenched 71.86 67 90 79.3
1000 °C/1 h 69.5 87.8 54 70.5
1050 °C/3 h 69 60.16 56.37 52
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in sample FHP after it was subjected to different heat treat-
ment schedules, while, those phases were largely developed in
samples FHPNT, FHT and FHN, respectively (Fig. 2).

Crystallite size obtained from XRD (Fig. 3a and Table 4)
showed, in general, the crystallization of nanocrystals of mag-
netite (<100 nm). The crystallite size of magnetite in the as
quenched samples is relatively increased by adding P,Os and
decreased by adding TiO,. By applying heat treatments, the
crystallite size was noticed to decrease greatly in the FHP
and FHPNT, while it slightly decreased in the FHT and FHN.

The lattice constants of magnetite (Fig. 3b) revealed an in-
crease in the lattice constants of all the prepared samples than
that sited in JCPDS (Joint Committee on Powder Diffraction
Standards) cards (a, = 8.393-8.399 A). The effect of different
additions on the lattice constants were found to increase in the
order of TiO, < P,Os < Na,O. The lattice strain had an
opposite direction to lattice constants, so the lattice strain
was increased in the order of TiO, > P,0s. Increasing the lat-
tice strain led to an increase in the internal forces/stresses
which could oppose the crystal growth of magnetite. Conse-
quently, the crystallite size of magnetite, in the case of FHT
sample, was slightly lower than that in FHP. By applying heat
treatment at different temperatures, the lattice constants were
found to increase. Increasing the lattice constant than that ci-
ted in JCPDS could be attributed to the incorporation of dif-
ferent cations in a solid solution with magnetite. EDXA (Fig. 4
and Table 5) showed the incorporation of Zn, Ca, and Si in a
solid solution with magnetite. It was noticed that the atomic
ratio of the incorporated Zn ions in magnetite is quite constant
~5.2Fe:1Zn, mapping of atoms (Fig. 4) detected the presence
of Zn atoms adhering to Fe atoms.

TEM of different samples are shown in Fig. 5. The crystal-
lization of one or different phases was evident in TEM micro-
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Fig. 3a  Crystallite size of different samples at different heat

treatment schedules.
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Fig. 3b  Variation of lattice constant of magnetite nanocrystals
with composition and heat treatment, (a) lattice constant of
magnetite from JCPDS cards, (b) lattice constant of magnetite in
quenched glass and (c) in glass heat treated at 1050 °C/1 h.

graphs. TEM revealed the precipitation of nanosize rounded
crystals of magnetite in the quenched FHP. The crystallite size
was decreased by the heat treatment at 1050 °C/3 h, as seen be-
fore from XRD analysis. The heat treated FHT showed uni-
form crystallization of needle like crystals of magnetite.
Quenched FHN showed the precipitation of different crystal-
lite shapes of relatively larger sizes, which were dispersed be-
tween the small magnetite crystals and coagulation of hay
like crystals of hematite appeared, while the heat treated sam-
ple revealed uniform crystallization of nanosize crystals.
FHPNT heat treated at 1050 °C/3 h revealed uniform distribu-
tion of unique rounded nanocrystals of magnetite.

Effects of different additions on the specific magnetization
(M), remanence (M,) and coercivity (H,) of the prepared sam-
ples were measured at room temperature in a maximum field of
10 kOe and are summarized in Table 6, while the hysteresis
measurements are shown in Fig. 6. It could be observed that
all the samples exhibited a similar magnetic behavior, which
is characteristic for soft magnetic materials, with a thin hyster-
esis cycle and low coercive field ( < 24 Oe for quenched samples
and <74 Oe for heat treated samples). Magnetic properties
were strongly dependent on the added oxides. Saturation mag-
netization was increased by adding TiO, (56.49 emu/g), and
P,Os5 (58.99 emu/g), while being decreased by adding Na,O
in the quenched samples. Addition of mixtures of oxides in
FHPNT also revealed a high saturation magnetization
~56.7 emu/g. The coercive field was decreased from 24.76 for
FHP and 22.1 for FHT to 19.75 Oe for FHPNT.

Bretcanu et al. [2] measured the saturation magnetization of
magnetite particles around 74 emu/g, and the coercive force
was 150 Oe, which was lower than the reported data due to
the powder form of the sample. They explained this behavior
as follows, as the surface/volume ratio was increased, the sat-
uration magnetization was decreased. They calculated the
amount of crystallized magnetite from the linear relationship
between the saturation magnetization and the content of the
magnetite. Therefore, the quantity of magnetite crystallized
in the glass—ceramics could be calculated from the ratio of sat-
uration magnetization between the samples and magnetite.
The estimated amounts of magnetite crystallized (Table 6)
were ~80 wt.% in the FHP, ~76% in FHT and ~77% in
FHPNT. Those values are in agreement with the ones esti-
mated by the XRD data. Those values are much higher than
the amount of iron oxide added ~60%. This could be attrib-
uted to the incorporation of the different cations in magnetite
as solid solution. The difference in the amount of magnetite
crystallized was matched with the effect of the addition of dif-
ferent oxides in the enhancement of the crystallization of mag-
netite as cited before. Magnetization increased with the
amount of magnetite crystallized in the samples. Glass—cera-
mic containing higher quantity of magnetite revealed a higher
value of saturation magnetization.

The remanence detected is the amount of magnetic materi-
als which could be magnetized, even in the absence of external
magnetic field. The remanence magnetization values were
much lower than the saturation magnetization values. This
could be due to structural features of glass—ceramic [2]. The
coercive field depends on the microstructure. In general, as
the particle size was increased, the coercive field was decreased.

Heat treatment at 1050 °C/3 h led to a significant decrease
in the saturation magnetization (~1, 16 and 44 emu/g for
FHN, FHT and FHP, respectively) and to an increase in the
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30pm % Electron Image 1

Fig. 4

Table 5 The atomic and weight % of different elements in FH
sample heat treated at 1000 °C/1 h by EDAX technique.

Element Weight % Atomic %
O K 39.42 66.33

Si K 7.20 6.90

Ca K 8.54 5.73

Fe K 36.61 17.65

Zn K 8.23 3.39
Total 100 100

coercivity (~75, 19 and 22 Oe for FHN, FHT and FHP,
respectively) which was attributed to magnetic nanocrystalline
anisotropy.

Role of P>0s
It has been reported that P,Os increases the nucleation density,

which restricts the crystal growth, and induces an amorphous
phase separation [18]. P,Os could induce the phase separation

Spectrun 1

Fe

Full Scale 5186 cts Cursor: 0.000 keV|

8iKa1

EDAX of FH sample heat treated at 1000 °C/1 h with mapping pictures.

to promote a heterogeneous nucleation and then produce a
fine-grained interlocking morphology. The heterogeneous
nucleation was favorable to reduce the 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.

Weinberg and co-workers [19] suggested that the nucle-
ation agents could be selectively enriched in one separated
phase, thus providing the cites for nucleus. Ryerson [20] pro-
posed that when a modifier cation was added in a silica melt,
it was surrounded by both bridging oxygen (Op) and non
bridging oxygen atoms (O,;). The O, isolates the net-
work-modifier cations from each other by providing screens
that mask their positive charge. However, modifier cations
that are partly or wholly coordinated by bridging oxygen
are poorly shielded from each other. Consequently, substan-
tial columbic repulsions occur between network-modifier cat-
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FHN 1050/3

FHT 1050/3 - FHN

Fig. 5 TEM of different samples after cooling from the melting temperature.

ions which give rise to the enthalpy of unmixing and Role of TiO,
consequently lead to phase separation [21]. Merzbacher and
White found that the immiscibility fields expand with a de- In addition, TiO, was reported to induce a phase separation in

crease in the ionic radius of the modifier cation in binary many compositions [11] by Ti*" ions attracting the non
silicate melt [22]. bridged oxygen atoms to the bound arise of bridged domains.
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Table 6 Magnetic properties obtained under a maximum magnetic field of 10 kOe.

Sample No. Heat treatment Magnetite quantity (wt.%) Magnetic properties
M (emu/g) M, (emu/g) M, /M H, (Oe)
FHT Quenched 76 56.49 4.592 0.0812 22.1
FHT 1050 °C/3 h 22 16.01 1.202 0.0750 19.37
FHP Quenched 80 58.99 4.634 0.0785 24.76
FHP 1050 °C/3 h 60 44.31 3.199 0.0723 22
FHN 1050 °C/3 h 1.39 1.028 0.1864 0.1813 74.85
FHPNT Quenched 77 56.71 4.129 0.0728 19.75
—_ However, for the formed domains to be stable, each Ti** must
-g’ 15 possess no more than two non-bridged oxygen atoms [23]. In
E 4™ 1050°c/3ns the present composition, the number of non-bridged oxygen
= 05- atoms is far in excess of 2. Thus, it is likely that Ti*" could
o 01 loosen from the network and crystallize separately in the form
E 05 - of TiO; or titanate phases. This would leave P,Os alone to in-
3 -1 duce the phase separation [24]. This may happen when we mix
§ 15 , . : . TiO, with P,Os in FHPNT.
= -5000 -3000 -1000 1000 3000 5000 It was proposed that, the immiscibility arises, because the
Magnetic Field (Oe) melts were composed of network-former as well as network-
modifier cations. Those modifier cations compete to form a
o non-bridging oxygen, in order to properly balance the charge.
E 60 The greater the possibility for those network-modifiers to be
2 ;g surrounded by a non-bridging oxygen, the greater is the ten-
5 0. dency to immiscibility [14].
T 204 The incorporation of a small amount of TiO, had an influ-
-% 40 - ence on the thermal and stability parameters of the phases
£ -60 crystallized at a given heating rate. The temperature difference
g -5000 3000 -1000 1000 3000 5000 T, — T, was used as an indication of the thermal stability of
Magnetic Field (Oe) glasses. The higher the value of this difference, the more the
delay in the nucleation process and hence more stable glass
g was prepared [25].
E 50 FHP 1050°C/3hs
£ 304 Role of Na,O
5 104
-:;: -10 4 The crystallization process of the glass during the reheating
T .30 4 process was known to be connected with the nature and pro-
S =0 portions of its oxide constituents. The ability of some cations
£ Magnetic Field (Oe) to build glass forming units or to be housed as modifiers in
interstitial positions in the glass structure should also be con-
o sidered [26]. Sodium oxide is a good glass modifier and has a
E j‘g TFET 1o50°C/3hs beneficial effect il’.l lowering the temperature that is used Fo
e convert the glass into a glass—ceramic. It could be housed in
S 0- the glass structure in the interstices positions which increase
£ -6 the number of non bridging oxygen groups between the
i -12 4 (SiO4) chains, i.e. decrease the stability of the SiO4 chain
dg: ‘1?5000 »30'00 ‘10‘00 10'00 30'00 5000 [27,.28]. This could be.a.ttributed tS the gradual decrease of vis-
© e cosity due to the addition of Na ™
= Magnetic Field (Oe)

4
o (=]
1 1

Fj_
-60
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Fig. 6 Effect of different additions and heat treatment on the
hysteresis loop.

Conclusions

Magnetic glass—ceramic in the system Fe,03Zn0-CaO-SiO,
was prepared. The base composition was designed to crystal-
lize about 60% magnetite. The influence of adding TiO,,
Na,O and P,Os separately or as mixtures was studied. The
DTA of the glasses revealed a decrease in the thermal effects
by adding P,0s, TiO, and Na,O in an increasing order. The
X-ray diffraction patterns showed the presence of nanometric
magnetite crystals in a glassy matrix after cooling from the
melting temperature. The crystallization of magnetite in-
creased by adding TiO,, P,Os, respectively, and decreased by
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adding Na,O. Heat treatment in the temperature range of
1000-1050 °C for different time periods led to the appearance
of hematite and B-wollastonite which was slightly increased by
adding P,Os or TiO, and greatly enhanced by adding Na,O.
Samples containing mixtures of TiO,, Na,O, and P,Os showed
a summation of the effects of these oxides. The microstructure
was studied using TEM which revealed a crystallite size in the
range of 52-90 nm. From the obtained hysteresis loops, the
saturation magnetization (M), remanence magnetization
(M) and coercivity (H.) were determined. The results showed
that these materials are expected to be useful for localized
treatment of cancer.
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