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Abstract: The effect of different heat-treatment temperatures on the magnetic, crystallization, and structural
properties of 20Si02.50Fe0.30Ca0 (mol%) glass ceramics was studied. The initial glass was synthesized by the
sol-gel method at 25°C with a precursor to solvent ratio of 1/5. After aging the resulting gel for 24 h at room
temperature, it was dried in an electric dryer at 110°C. By heat treatment at different temperatures, different phases
such as magnetite, maghemite, and hematite were crystallized in the glass. The maximum stability temperature of
magnetite and maghemite were 360°C and 440°C respectively. By increasing the heat treatment temperature to
higher than 440°C, the oxidation of maghemite to hematite was occurred. The highest magnetization amount (1.9
emu/g) belonged to sample heat treated at 680°C. By increasing the heat treatment temperature to 840°C, the
magnetization decreased to 0.8 emu/g, due to the oxidation of maghemite. By increasing the heat treatment
temperature from 440°C to 680°C, crystalline size of maghemite was increased from 40 to 200 nm. By further
increment of temperature to 840°C, the size of maghemite crystals decreased to 17 nm, due to the oxidation of

maghemite to hematite.
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1. INTRODUCTION

Although the prevalence of malignant bone
tumors is low, the mortality rate of this disease is
high [1]. This disease is mainly treated with
traditional method such as surgery, chemotherapy,
and radiotherapy. Surgery is an invasive
procedure with high complications. Risk of
infection in the surgical procedure as a result of
the removal of tumor-containing tissue or
amputation and reconstruction of the removed
tissue with implants are pervasive in patients who
are already immunocompromised [2].

To overcome these problems, new methods such
as immunotherapy (gene therapy, etc.) have been
developed [3]. One of the new solutions is the
magnetic hyperthermia method. In this method,
heat is used to destroy cancerous tumors. In the
magnetic fluid hyperthermia method, the
temperature of the cancerous tumor increases up
to 43°C. With the temperature increasing up to
this range, cancer cells are destroyed, while
healthy cells are not harmed [4].

The difference between the behavior of tumors
and normal tissue against the application of body
heat depends on their vascular network [5]. The
temperature applied in the range of 41-43°C is
lethal for tumor cells, while it does not harm
normal cells. The difference in the therapeutic

effect of hyperthermia between normal and
malignant tissue, basically depends on the
structure of the vascular network of these two.
Also, the tissue of tumors and their response to
hyperthermia has a significant effect [6].
Recently, magnetic nanoparticles such as Fes;Os
have been used as heat generators for magnetic
hyperthermia. These nanoparticles have excellent
chemical stability and magnetic properties. But
metal oxide nanoparticles may have dangerous
interactions with the biological systems of the
human body and eventually lead to toxicity that
would not be safe for medical applications [7].
On the other hand, these nanoparticles have
high saturation magnetization and very little
coercivity, and this causes nanoparticles to have
high rate of loss under the magnetic field. An
excessive increase in temperature (temperatures
above 45°C) under an alternating magnetic field
also leads to the destruction of healthy cells [8].
Because of these issues in magnetic
hyperthermia, more research continues in
magnetic glass ceramics [9, 10].

Magnetic bioactive glass ceramics are complex
and multiphase bioactive materials typically
formed by combining bioglass with the magnetic
phase [11]. The bioactivity of biocompatible
magnetic glass ceramics is attributed to
the formation of bone minerals such as apatite
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in the simulated body solution [12]. Different
researchers have synthesized different ferromagnetic
glass ceramics in different systems, such as, SiO,-
Nazo— CaO—P205— FeO- F6203 [9], SiOz— CaO-
Fe 03 [13], Si0»- Fe;0s3- Lix0- CaO- MnO:z- P»2Os
[14], SiOz— CaO- F6203— B203— PzOs [15], SiOz—
CaO- PzOs— F6203— Zn0O- NaQO [16, 17], SiOz—
CaO- P,0Os- MgO- CaF,- MnO»- Fe,0s [18-20],
SiOz- CaO- FeyO3- ZnO [21] with controlled
crystallization.

The most important challenge in the synthesis of
bioactive magnetic glass ceramics is the synthesis
of amorphous glass and the crystallization of
magnetic phases to achieve high magnetic
saturation (M), at the same time a low coercivity
(H¢) and remanence (M;). Different researchers
have reported different values for magnetic
saturation magnetization (M;), coercivity (H),
and remanence (M;) of glass-ceramic samples due
to heat treatment at different temperatures [22-
25].

The heating of magnetic glass ceramic under an
alternating magnetic field is mainly due to
hysteresis and the Brownian relaxation losses. If
the effect of Brownian losses is considered
negligible, particles undergoing significant
alternating magnetic fields will have high
hysteresis losses [26]. On the other hand, the
hysteresis loss is directly related to the area of the
magnetic hysteresis loop, and the greater the area
of the hysteresis loop causes the magnetic loss is
greater [27, 28].

Therefore, the main goal of this research was to
study the effect of different heat treatment
temperatures on the crystallization of different
magnetic phases and to investigate the magnetic
properties of 20Si0,.50Fe0.30Ca0 samples.

2. EXPERIMENTAL PROCEDURES

2.1. Synthesis of Sol-Gel Bioactive Glass

The glass was synthesized by the self-catalyzing
sol method [29]. Briefly, 4.2 ml tetraethyl
orthosilicate (TEOS, Si (OC,Hs),; 99%, Merck)
was stirred in 12 ml ethanol C,H;OH; 98%,
Sigma Aldrich) for 20 minutes. Then 6.5 gr
calcium nitrate tetrahydrate (Ca(NOj3),.4H,0;
99.5%, Merck) dissolved in 25 ml distilled water
was added to the reaction chamber, and after
stirring for 30 minutes, 8.6 iron nitrate (FeNOs;
99%, Sigma Aldrich) dissolved in 13 ml ethanol
was added to the sol. Stirring continued for 1 h.

The obtained sol was stored for 24 h in a closed
container at room temperature for gelation aging
process. Then, the resulted gel was dried in a
dryer at a temperature of 110°C for 24 h. The
obtained powder was heat treated at 280, 360,
440, 520, 600, 680, 760, 840°C, separately, for 2
h in an air atmosphere. Then phase, structural
and magnetic analysis were performed on the
samples.

2.2. Sample Analysis

The crystallinity of the samples were investigated
using an Empyrean Series 2 diffractometer
manufactured by PANalytical, (Malvern, UK),
with Cu K, radiation. Phase detection was
performed using X’Pert HighScore v.4. software
(PANalytical, Malvern, UK). The size of the
crystallized crystals in the glass-ceramic was

calculated using the Debye-Scherrer relation:
KA

= BcosO (1)
Where A is the wavelength of the X-ray in
nanometers (nm), B is the full width at half
maximum, and the constant K related to the
crystal shape and its value is usually considered
to be 0.9. The value of B in the 20 axis of the
diffraction profile should be in radians [30].
FTIR spectroscopy of heat-treated samples at
different temperatures was performed using a
JASCO FT/IR-300E spectrophotometer (JASCO,
Japan). The samples prepared using the KBr
technique were examined at room temperature
at 400-4000 cm™. EPR spectroscopy of glass-
ceramic powder samples were performed at room
temperature using Adani CMS 8400 (Adani,
Minsk, Belarus). The glass-ceramic powder was
poured into a quartz tube with a diameter of 4.0
mm. Sample volumes varied from 2.0 to 5.0 mm,
and spectra were recorded with an ultra-high-Q
rectangular resonator (Bruker Optik GmbH,
Ettlingen, Germany). To calibrate the absolute
values of g factors, chromium chloride CrCl;
(S= 2.3) with g= 1.986 was used. The samples
morphology were investigated by Scanning
Electron Microscopy equipped with Energy
Dispersive Spectroscopy (SEM-EDS, SEM-FEI,
Quanta Inspect 200, EDS-EDAX PV 9900).

3. RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of dried gel and
the heat-treated samples at 280 and 360°C. XRD
pattern of the dried gel shows its amorphous
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nature. By performing heat treatment at 280°C,
only the magnetite phase has crystallized. With
increasing the heat treatment temperature, the
intensity of the peaks related to the magnetite
phase has increased. It seems that no other phase
except magnetite was crystalized in the sample.
According to the observed absorption intensity
caused by the background, it seems that the
amorphous background is remained in the glass-
ceramics.

1 Magnetite (Feg04)

Relative Intensity
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Fig. 1. XRD patterns of 20Si0,.50Fe0.30Ca0 glasses
a) dried gel, b) heat-treated at 280 and c) 360°C.

The FTIR patterns of heat-treated samples at 280
and 360°C is shown in Fig. 2. The absorption
band related to the symmetric stretching
vibrations of Si-O-Si can be seen in the range of
1015 cm™' wavenumber, and the position of this
peak has not changed significantly with
increasing temperature. Asymmetric stretching
vibrations of [Si-O] are seen in of 916 cm™.With
increasing of the heat-treatment temperature, the
position of this peak has shifted to lower
wavenumbers. Iron ions in percentages higher
than 30% by weight act as a network former in the
glass network [31, 32]. As the heat-treatment
temperature and the crystallization rate of the
magnetite phase increases, the residual glass
becomes poor in iron, and rich in modifier ions.

These events lead to breaking up of the glass
network. As a result, the absorption bands related
to the asymmetric stretching vibrations of Si-O-
NBO have shifted to smaller wavenumbers. The
absorption band in 560 cm’ is related to

crystalline magnetite phase [33, 34]. It is also seen
that the intensity of this peak has increased with
heat treatment temperature, which means an
increase in the number of bonds formed and/or an
increase in the amount of magnetite.
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Fig. 2. FTIR patterns of 20Si0,.50Fe0.30Ca0O glass
heat-treated at a) 280 and b) 360°C.

Relative Absorbance (%)

The results of the XRD patterns of heat-treated
samples at 440°C and 520°C are depicted in
Fig. 3. It can be seen from this figure that by heat
treating at 440°C, magnetite peaks are completely
removed, and maghemite peaks have appeared.
Crystallized maghemite has a cubic crystal
structure with symmetry group p4332. When the
heat-treatment temperature has increased to
520°C, hematite crystals have started to form in
the glass matrix.

1 Waghemite (y —Fea5)
2 Hematite(a — Fe,03)

Relative Intensity
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Fig. 3. XRD patterns of 20S10,.50Fe0.30Ca0 glass
heat treated at a) 440°C and b) 520°C.

A lot of studies have been done on the

transformation of magnetite to maghemite or
hematite (relationship), which can be done
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partially or completely depending on the
oxidation state:

4Fe304+ Oy = 6yFe;03 — 60Fe;0s3

With increasing the temperature, magnetite
oxidized to maghemite, while the amount of
maghemite increases and the percentage of
magnetite decreases [35].

Magnetite has a cubic inverted spinel crystal
structure with the symmetry group of Fd3m.
Furthermore oxygen ions, alongside with divalent
and trivalent iron ions exist in its structure. While
in maghemite, only oxygen ions, trivalent iron,
along and available exist in the structure.
Depending on the position of vacancies in the
crystal structure, different crystal structures are
formed. If the vacancies are irregularly placed in
the crystal structure, maghemite will be formed
with a cubic crystal system and symmetry group
of p4:32. As oxidation process continues, the
positions of the vacancies in the crystal structure
become balanced. The vacancies in the crystal
structure expand in a completely regular manner.
As a result, maghemite will be crystallized with a
tetragonal crystal structure and spatial symmetry
group of P4,2:2. It is possible to identify
and monitor the position of vacancies in the
maghemite crystal structure using X-ray
diffraction patterns and FTIR spectra. As
the oxidation process finalizes, maghemite
completely transforms into hematite, and
hematite crystallizes with a trigonal crystal
structure and rhombohedral space group of R3¢
[36-38].

FTIR spectrum of heat-treated samples at 440°C
and 520°C are shown in Fig. 4. In the heat-treated
sample at 440°C, maghemite absorption bands
with a cubic crystal system and symmetric group
of p4;32 are seen at 465 and 571 cm’!
wavenumbers [39-41], which is in line with the
investigations carried out by X-ray diffraction
spectra. In the heat-treated sample at 520°C,
absorption bands of maghemite with tetragonal
crystal structure and space symmetry group
P4,2,2 were seen. Absorption bands of
maghemite with tetragonal crystal structure and
spacial symmetric group of P4,2,2 are seen at
472,440 cm’!, and 560 cm™ positions [42, 43]. In
the spectrum of the heat-treated sample at 520°C,
hematite absorption bands are seen at 520 cm'
and 660 cm™ wavenumbers.

With the increase the temperature, a difference in

the crystal structure of maghemite can be seen.
This difference denotes the maximum stability of
ferromagnetic maghemite crystals in the glass
structure at 440°C. With a further increasing
of the heat-treatment temperature, the crystal
structure changes towards formation of hematite.
Both maghemite and magnetite have similar
crystal structures, and their structural differences
are little. According to the investigations, these
transformations occur with the penetration of ions
in the solid state in two modes: the first mode
occurs by the penetration of oxygen ions towards
the magnetite crystals, and the second mode
occurs by the penetration of iron atoms to the
crystal outside, which leads to the formation of
Fe;<xO4 solid solution or a core-shell structure
made of magnetite- maghemite as a result of the
oxidation of iron ions on the surface of particles.
The migration of iron ions to new surfaces is done
quickly, but this speed is not high enough to fill
the cation vacancies [44]. Considering the fact
that the conversion of magnetite to maghemite is
dependent on the penetration of iron ions, the
speed of this penetration is the dominating factor
of magnetite decomposition [45].

MMaghemite
“— Hematite

Maghemite .
& 4 Hematite

Relative Absorbance (%)

500 1000 1500 2000 2500 3000 3500 <000
Wavenumber (em~1)
Fig. 4. FTIR patterns of 20Si0,.50Fe0.30CaO glass
heat-treated at temperatures a) 440°C and b) 520°C.

The XRD patterns of samples heat-treated at 600,
680, and 760°C are shown in Fig. 5. According to
the patterns, the intensity of hematite and
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maghemite peaks increase with the increment of
heat -treatment temperature. The increase in the
intensity of hematite peaks at 760°C indicates
that the major part of maghemite has been
transformed into hematite at higher temperatures.

1 Maghemite (y — Fe,03)
2 Hematite{x — Fea05)

Relative Intensity
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Fig. 5. XRD patterns 20Si0,.50Fe0.30Ca0O glass
heat-treated at a) 600°C, b) 680°C, and c) 760°C.

The XRD patterns of samples heat-treated at
840°C and 920°C can be seen in Fig. 6. By
increasing the heat treatment temperature up to
840°C, wollastonite, magnetite, hematite, and
sodium calcium silicate phases are crystalized. At
920°C, only wollastonite and fayalite phases are
crystalized. Using Scherer's relation, the size of
maghemite and hematite crystals at different heat-
treatment temperatures are calculated and shown
in Fig. 7. By increasing the heat treatment
temperature from 440°C to 680°C, the size of
maghemite crystals increase from 40 to 200 nm
due to the increase in penetration and atomic
movements. By increasing the temperature to
840°C, the size of maghemite crystals has
decreased to 17 nm, due to the oxidation of
maghemite to hematite. The size of the hematite
crystals increases with the increment of heat
treatment temperature because of higher
penetration the glass network.

The magnetization diagram of 20Si0,.50FeO30Ca0O
glass-ceramic samples, subjected to heat-treatment

at different temperatures, are shown in Fig. 8. The
highest value of magnetic saturation corresponds
to the heat-treated sample at 680°C. With the
increase in heat-treatment temperature (from
440°C to 680°C) due to the increase in
penetration of atoms, the amount of maghemite
crystallization has increased. As a result, it has led
to an increase in the amount of magnetization. At
temperatures higher than 680°C, magnetic
saturation decreases, due to the transformation of
maghemite into hematite.

1 Maghemite (y —Fez0z)

2 Hematite(x — Fep03)
234 3 Wollastonitel casio, )
= 4 Fayalite { Fe,5i0,)

Relative Intensity
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Fig. 6. XRD patterns of 20Si0,.50Fe0.30Ca0 glass

heat-treated at a) 840°C and b) 920°C.
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Fig. 7. The relationship between maghemite and
hematite crystal size and heat treatment temperature.

Remanence magnetism is a natural quantity that
reflects the fact that glass ceramics can be
spontaneously magnetized even in the absence of
an external magnetic field [46].
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Fig. 8. Magnetization diagram (VSM) of 20SiO»-
50Fe0-30Ca0 glass-ceramic samples heat treated at
a) 520°C, b) 600°C, c) 680°C, d) 440°C, e) 760°C
and f) 840°C.

And this value is much lower than saturation
magnetic values due to the structural
characteristics of glass-ceramics. Remanence
magnetism, as well as coercivity, strongly
depends on the microstructure of the glass
ceramic and the size of the crystalline phases [47].
It can also be seen that none of the samples have
reached the saturation state, meaning that all the
iron cations have not crystallized in the glass
matrix and still paramagnetic ions are available in
the glass. The changes in magnetic parameters of
heat-treated  glass-ceramics  at  different
temperatures are shown in Fig. 9.

Room  temperature =~ EPR  spectra  of
20Si0,.50Fe0.30Ca0O glass heat-treated at
various temperatures are shown in Fig. 10. It can
be seen that heat treatment strongly affects the
absorption spectra of samples. Fe* ions shows a
resonance absorption at g~ 2.1 and 4.3 [48]. In
general, the presence of Fe3* ions in glass-
ceramics is identified by the appearance of
resonance absorptions at g~ 4.3 and 2.1. In these
resonance absorptions, their line width and
relative intensity depend on the concentration of
iron oxide in the sample [49]. Isolated Fe*" ions
in distorted rhombic octahedral or tetrahedral
oxygen environments lead to resonant absorption
at g~ 4.3. While the ions that are clustered in the
structure and interact by a superexchange pair
lead to resonance absorption in g~ 2.1. In general,
the interaction between Fe** and Fe** ions tends
to expand the absorption line width. Also,
superexchange mechanisms between ions tend to
narrow the absorption line. The relative strengths

of these two mechanisms will determine the final
line width. It can be seen that the width of the
absorption line in g~ 2.1 has increased with the
increase in heat treatment temperature, which
indicates the increase in the concentration of
Fe** ions in glass-ceramics. Increasing the
concentration of Fe?* ions in the glass-ceramic
composition has led to an increase in the
crystallization of the hematite phase and,
ultimately, to a decrease in the magnetic
properties of the samples.
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Fig. 9. Magnetic parameters of heat-treated glass at

various temperatures.

SEM images of heat-treated samples at different
temperatures are shown in Fig. 11. In the heat-
treated sample at 440°C, maghemite crystallized
with a rod-like morphology [50, 51], and with the
increase of the heat-treatment temperature to
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520°C, the size of maghemite crystals increased.
Hematite polyhedral crystals can be seen [52, 53].
By heat-treatment at temperatures higher than
600°C, maghemite with rod-like morphology is
crystallized in the matrix, and as a result of
maghemite oxidation, hematite with a polyhedral
morphology is formed.

In the image related to the heat-treated sample at
760°C, it is clearly seen that the amount of
maghemite and hematite crystals have decreased
and increased respectively. In the heat-treated
sample at 840°C, hematite crystals clearly have
grown and small amounts of maghemite crystals
can be seen.

4. CONCLUSIONS

20Si0.50Fe0.30Ca0  glass  ceramic  was
synthesized by self-catalyzed sol method. Heat
treatment of powders was done at different
temperatures. By performing heat treatment at
280 and 360°C, only the magnetite phase
crystallized in the samples. Due to the low
temperature of the heat treatment and the low
degree of crystallization of the glass ceramics, the
magnetic properties of the samples were very
weak and were negligible.

c »
- . 5
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il = SEM MV 150KV

SN ovee View Detd. 2.54 ym

SEM MAG S00Kx  Datedmvay 0827122
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0 200 400 €00 200
Magnetic Field (x 1073T)

Fig. 10. Room temperature EPR spectra of 20Si0»-
50Fe0-30CaO0 glass ceramic heat-treated at various
temperatures.(a) 440°C,(b) 520°C,(c) 600°C, d)
680°C.
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Fig. 11. SEM images of heat-treated samples at different temperatures.

& %



http://dx.doi.org/10.22068/ijmse.3238
https://i4c2023.iust.ac.ir/ijmse/article-1-3238-en.html

[ Downloaded from i4¢c2023.iust.ac.ir on 2026-06-27 ]

[ DOI: 10.22068/ijmse.3238 ]

Mahammad Rezvani et al.

By increasing the heat treatment temperature to
440°C, magnetite was oxidized to maghemite.
The saturation magnetism of maghemite (80
emu/g) is lower than magnetite (90 emu/g). By
increasing the heat treatment temperature to
520°C, the size of maghemite crystals increased.
At this temperature also some part of the
maghemite crystals were oxidized to hematite.
Hematite is an antiferromagnetic phase, and the
oxidation of maghemite to hematite led to a
decrease in the magnetic properties of the
samples.

The structural analysis showed that iron ions were
present in the glass network as a network former.
The highest stability temperature of the
maghemite phase was 440°C and the highest
saturation magnetization of the heat-treated
sample was obtained at 680°C. The highest
hysteresis loss was related to the sample heat
treated at 680°C. Microstructural studies showed
that in the samples heat treated at lower
temperatures  (<680°C), maghemite  was
crystallized with a rod structure, and with
increasing  heat  treatment  temperature,
maghemite turned into hematite.
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