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A B S T R A C T   

Ferrimagnetic glass-ceramics comprising maghemite crystals were synthesized for magnetic fluid 
hyperthermia (MFH) usage. The present work is focused on the result of the chemical composition 
and heat treatment temperature on the magnetic behavior of (60 − x)SiO2 − (10+x)FeO−

20CaO − 10Na2O,0 ≤ x ≤ 30 glass-ceramic system. It was observed that with the increasing of 
FeO from 10 to 40 wt% in the glass-ceramic compound, the percentage of maghemite phase 
increased. It was also seen that in the low heat treatment temperature (680 ◦C), by adding iron 
oxide up to 30 wt%, iron cations acts as a network former, and more than this amount acts as a 
network modifier. In contrast, iron cations in the same composition range at high temperatures 
(840 ◦C), acts as a network modifier. According to the VSM results, the maximum magnetization 
of glass-ceramics incremented from 0.23 emu/g to 0.30 emu/g with the increase in FeO per
centage. It was also observed that with the increment of iron oxide percentage, the morphology of 
maghemite crystals changed from spherical to dumbbell-shaped.   

1. Introduction 

Among conventional methods treatment of cancer, hyperthermia is a hopeful and successful approach to cancer treatment [1]. 
Currently clinical hyperthermia treatment using regional perfusion with warm blood, microwave, ultrasound, or any other source of 
electromagnetic energy is used [2–5]. But the most important problem in using these ways are the spinosity of controlling local tumor 
heating without damage a normal tissue [6]. In addition, in most of these treatment methods, invasive heat is used [7]. It is been 
reported that magnetic bioactive glass-ceramics can heat the cancer cell without damaging the normal tissue [8]. 

The method includes focusing on magnetic bioactive glass-ceramics to tumor tissue accompanied with the utility of an outside 
alternating magnetic field that induces heat via hysteresis losses of the magnetic bioactive glass-ceramics [9]. Incrementing the 
temperature of the cancerous tissue up to 43 ◦C causes the necrosis of most cancer cells, but this increase in temperature does not 
damage the surrounding normal tissue [10]. 

It is known that the heat production in this method pertain on the magnetic properties of the magnetic bioactive glass-ceramics 
particles, magnetic field parameters and the specification of the cancerous tissue [11]. Important part of the thermoseeds for mag
netic fluid hyperthermia is to achieve the favorable magnetic properties of the thermoseeds [12]. 

Bretcanu et al., in 2006 investigated the magnetic properties of SiO2 − FeO − Fe2O3 − Na2O − CaO glass-ceramic system melted at 
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different temperatures. Magnetite and hematite were the main crystallized phases in glass-ceramics. Largest hysteresis loop area was 
obtained for the melted sample at 1500 ◦C. Magnetic hysteresis loop area directly correlates with the amount of losses. In their study, 
the highest loss is related to the sample melted at 1500 ◦C. With the increase in losses, the amount of heat produced by the glass- 
ceramic placed in the alternating magnetic field also increases. The maximum amount of magnetic losses (61 W/g) for the samples 
melted at a temperature of 1500 ◦C has been obtained, which can increase the temperature by 87 ◦C [13]. 

Shah et al., in 2009 prepared xZnO⋅(40− x) SiO2⋅25CaO⋅25 Fe2O3 7P2O5⋅3 Na2O glass-ceramic by the melt-quench process. Their 
studies showed that hysteresis area and saturation magnetization enhancement with the increment in ZnO content [14]. 

Wang et al., in 2013 studied the magnetic behavior of 10Li2O − 35SiO2 − 16Fe2O3 − 9MnO2 − 25CaO − 5P2O5 (10LFS) glass. Heat 
treatment of glasses was done at 850◦C , and wollastonite and magnetite were seen as the main crystallized phases in the glass field. In 
the investigation, it was observed that heat treatment at 850 ◦C for 16 h under an applied field (1000 Oe) resulted in a very small 
residual magnetism of 0.01 emu. g− 1 because of the presence of magnetite [15]. 

Leenakul et al. in 2015, investigated the effect of adding BaFe12O19 to the SiO2 − Na2O − P2O5 − CaO glass system by a modified 
solid-state sintering method. In phase studies, Na6Ca3Si6O18 and BaFe12O19 (BF) phases were seen in heat-treated glasses. And it was 
also seen that glass-ceramics bioactivity recovered with incrementing barrium ferrite content [16]. 

Shabrawy et al., in 2016 studied the crystallization behavior of K2O − MgO − B2O3 − P2O5 − Fe2O3 glass-ceramic system. The 
glass-ceramics of the system was synthesized by melting method. Heat treatment of glasses was done at temperatures between 560 ◦C 
and 700 ◦C some time between 2 and 8 h. MgFe2O4 phases and a small amount of hematite (α-Fe2O3), were seen as the main phases in 
glass-ceramics. With increasing temperature and heat treatment time, the amount of hematite phase also increased [17]. 

Wang et al., in 2016 studied the relationships among changing the chemical composition and magnetic losses of Fe2O3 − SiO2−

CaO glass-ceramics. The results of their research confirmed that the magnetic losses of Fe2O3 − SiO2-CaO glass-ceramics elevated 
steadily with incrementing magnetite crystallization [18]. 

Baino et al., in 2018 prepared a CaO-Fe2O3-SiO2 glass-ceramics system by sol-gel process and they studied the effect of different 
treatment atmosphere (air and argon flow) on the crystallization of magnetic phases. Investigations showed magnetic properties 
adjusted with control the iron oxide content and heat treatment atmosphere (air vs. argon atmosphere) during heat treatment [19]. 

According to the study conducted by Fiume et al., in 2020, bioactive sol-gel glasses show a high specific surface due to structural 
porosity as a result of condensation of silanol groups. As a result, sol-gel glasses show better biocompatibility compared to their melt- 
derived counterparts [20]. 

In this work, for the first time, glass-ceramic system (60 − x)SiO2 − (10+x)FeO − 20CaO − 10Na2O,0 ≤ x ≤ 30 with different 
compositions synthesized by self-catalysing sol method. The structural and magnetic phase characteristics were investigated, and 
eventually, in vitro bioactivity of sample was also studied. 

2. Materials and method 

2.1. Materials 

Tetraethyl ortho silicate (TEOS, Si(OC2H5)4; 99%, Merck), iron nitrate (FeNO3; 99%, Merck), sodium nitrate (NaNO3; 99.98%, 
Merck), and calcium nitrate tetrahydrate (Ca(NO3)2.4H2O; 99.5%, Merck) used as silicon, iron, sodium, and calcium sources, 
respectively. Ethanol (C2H5OH; 99%, Merck) and distilled water were used as solvents. 

2.2. Synthesis of sol-gel bioactive glass 

Glass-ceramics have been synthesized by self-catalyzed sol method [21]. The method of preparation of the sol is explained briefly. 
In the first step, a solution of tetraethyl orthosilicate was prepared in ethanol. Then a solution of Ca(NO3)2.4H2O was added to the sol at 
room temperature and stirred for 20 min. Then sodium nitrate solution in water added to the sol and continued stirring for 20 min. In 
the next step, iron nitrate solution in ethanol was spilled to the sol, and stirring was continued for 1 h to obtain a homogeneous sol (in 
the preparation of sol, the precursor to solvent ratio was chosen as 1:5, and the temperature of the sol was kept constant at 25 ◦C). The 
sols were aged at room temperature in a closed container for 24 h. The synthesized sols were dried at 110 ◦C and heat treated at 680 ◦C 
and 840 ◦C for 2 h. The chemical composition of the synthesized glass-ceramics is given in Table 1. 

Table 1 
Chemical composition of synthesized glass.  

Sample code Chemical composition of samples (wt%) 

G40 F 30SiO2 − 40FeO − 20CaO − 10Na2O 
G30F 40SiO2 − 30FeO − 20CaO − 10Na2O 
G20F 50SiO2 − 20FeO − 20CaO − 10Na2O 
G10F 60SiO2 − 10FeO − 20CaO − 10Na2O  
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2.3. Sample analysis 

The prepared G30F gel sample was analyzed by differential thermal analysis (DTA-SDTQ600-TA Instruments, USA) to determine 
the crystallization temperatures. For this, 22 mg of dried gel with a particle size below 30 μm was placed inside the alumina crucible, 
and analytical-grade alumina powder was used as a reference. The study of specimen crystalline phases was done using X-ray powder 
diffraction analysis (XRD, PANalytical PW3830, Netherlands). A Cu-Kα irradiance source (λ = 0.5406 Å) were scanned at 45 kV and 31 
mA in the range of 2θ-range of 5–75 ◦ at a speeding of 3 ◦/min. Diffraction peaks were investigated, and crystalline phases were 
analyzed using XPert High Score Plus software based on JCPDS sources. FTIR spectroscopy of heat-treated glass-ceramic at different 
temperatures is done by a JASCO FT/IR-310E spectrophotometer (JASCO, Japan). Samples were prepared using the KBr technique at 
room temperature in the range of 400–4000 cm− 1. Magnetic properties of samples by a vibrating sampler Magnetometer (VSM, Lake 
Shore 7620) were measured at room temperature. In order to study the bioactivity of glass-ceramics, the samples were immersed in a 
simulated body fluid (prepared according to the Kokubo protocol) and after a certain period of time, specimen were removed from the 
solution and analyzed [22]. 

A Digital Benchtop Water Quality pH Meter (Piccolo; Hanna Instruments Japan, Tokyo) was used to measure the pH of the SBF 
solution. Examination of the microstructure of the specimens and the morphology of the crystallized phases during heat treatment at 
690 ◦C was seen using a scanning electron microscope (SEM/EDS, Quanta FEG 250, Netherlands) that worked with an acceleration 
voltage of 20 kV. 

To measure the fluid temperature increase by the synthesized glass-ceramic under the magnetic field, AC hyperthermia magnetic 
system was designed and built. A glass tube to hold the sample was put in the middle of the coil (the coil is designed to produce an 
induced magnetic field in the form of a sine wave with Hmax = 380 Oe and f = 380 kHz). The cold water circulation system around the 
coil kept its temperature constant up to 21 ◦C. Temperature was measured using an optical thermometer. In order to check the amount 
of heat loss, 4 g of synthesized glass-ceramic powder were spilled into 10 ml of distilled water and placed in the coil. The temperature 
increase of the samples was measured in different time intervals. 

3. Results and discussion 

3.1. Thermal and structural behavior of glass-ceramics 

The DTA curve of 40SiO2 − 30FeO − 20CaO − 10Na2O gel prepared at 100–1100 ◦C is shown in Fig. 1. According to the theory of 
crystallography, the deposition of crystal nuclei is an endothermic process. It absorbs the required energy from the environment, while 
crystallization is an exothermic process, and during crystallization, a phase changes from an unstable state to a stable state. As a result, 
the endothermic and exothermic peaks in the DTA curve, indicate the glass nucleation and crystallization processes, respectively 
[23–26]. 

In the DTA curve two apparent crystallization peaks can be observed: The first crystallization peak (Tc1) at about 500–780 ◦C is 
attributable to the crystallization of the maghemite (γ - Fe2O3), sodium-calcium silicate, and maghemite to hematite (α- Fe2O3) 
transformation. The thermal transformation from maghemite to hematite due to the stability of the hexagonal phase than the cubic 
phase in 570–690 ◦C [27–29]. The second crystallization peak (Tc2) at about 790–940 ◦C is assigned to the crystallization of the 
wollastonite phase, as confirmed with the aid of the XRD patterns. 

XRD patterns of dried gel and heat-treated specimens for 2 h in air atmosphere are indicated in Fig. 2. XRD patterns of dried gel at 
110 ◦C with various compositions are shown in Fig. 2. (a). No sharp crystal peaks can be seen in the XRD pattern, that shows the 

Fig. 1. The DTA pattern of 40SiO2 − 30Fe2O3 − 20CaO − 10Na2O gel sample.  
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amorphous nature of the specimen. The XRD patterns of heat treatment glass-ceramics at 680 ◦C in air atmosphere for 2 h are shown in 
Fig. 2. (b). In samples, S10F and S20F, Na2CaSiO4 phase and γ - Fe2O3 peaks observed. Na2CaSiO4 is a bioactive silicate, and the main 
components in this composition (Na2O, CaO, and SiO2) are very like to the composition of bioactive compound [30,31]. Na2CaSiO4 
crystallization can increase the biocompatibility of synthesized glass-ceramics [32]. 

On the other hand, with the increase of iron oxide percentage in S30F and S40F samples, in addition to sodium calcium silicate 
peaks and maghemite, hematite peaks are also seen in the glass, and it was also considered that with increasing of iron oxide per
centage, the percentage of maghemite and hematite phase has increased. Maghemite has the chemical formula γ - Fe2O3 and a spinel 
crystal structure [33]. Fe3+ cations are randomly located in 16 octahedral and 8 tetrahedral sites within the FCC packing of oxygen 
anions. The magnetic response of maghemite depends on the number of Fe2+ cation vacancies (⊗) in the octahedral position and their 
arrangement. When the vacancies are randomly distributed in the maghemite crystal structure, its space group is Fd3m. The formula 
unit is written as (Fe3+)

tetr
8 [Fe3+

5/3⊗1/3]
oct
8

O32, which is the crystal arrangement of normal spinel. Since the spins in the tetrahedral and 
octahedral sites are orientated anti-parallel, maghemite is ferrimagnetic [34,35]. As the temperature increases, maghemite turns into 
hematite, which consists of twins. The transformation orientation relationship is [110]γ//[0110]α and (111)γ//(0001)α. The twinning 
plane of the transformation product was determined to be (0110) Plane. The mechanism of transformation of maghemite to hematite 

Fig. 2. XRD Patterns Synthesized glass samples and heat-treated glass-ceramic for 2 h an air atmosphere. (a) samples dried at 110 ◦C, (b) heat- 
treatment glass-ceramic at temperature 687 ◦C, and (c) heat treatment glass-ceramic at temperature 840 ◦C. 
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includes the re-accumulation of close oxygen ion layers and the simultaneous displacement of iron ions that are placed in the oxygen 
gap [36,37]. Hematite crystallizes in the rhombohedral lattice system, and it has an identical crystal structure to corundum, which 
includes the sequence of Fe3+ caions in octahedral coordination and Oxygen anions are placed in the closest hexagonal packing po
sitions [38]. Hematite exhibits a complex magnetic behavior. At temperatures lower than − 193 ◦C, hematite has antiferromagnetic 
behavior, and when the temperature increases to − 13 ◦C, it undergoes a Morin transition, which includes a spin flip that leads to weak 
ferromagnetic properties, and as the temperature increments to temperatures above 681 ◦C (Curie temperature), it shows para
magnetic properties. In the structure of hematite, it can be imagined that the Fe–O3–Fe units (triplets) of oxygen atoms are located 
close to Fe(III) on both sides, and the Fe(III) atoms in each of these triple units have the spins are opposite, and Consequently the 
superexchange interaction through three oxygen atoms, the iron (III) atoms are antiferromagnetically coupled and make hematite 
antiferromagnetic, and due to the low symmetry in the cationic positions, spin-orbit coupling is possible, which results in a deviation in 
moments where the plane is perpendicular to the c-axis. With decreasing temperature at − 13 ◦C due to the change in anisotropy, the 
disappearance of the moment happens, which causes the moments to align along the c-axis [39–42]. 

Fig. 1(c) shows the XRD patterns of treated specimen at 810 ◦C for 2 h in air atmosphere. The results indicated that with the 
increment the treatment temperature, the relative intensity of maghemite and hematite phase has decreased and increased, respec
tively. Furthermore, with increasing the temperature of heat treatment, in addition to hematite, maghemite, and sodium calcium 
silicate crystals, wollastonite crystals have also crystallized in the samples. Wollastonite (CaSiO3), is a biodegradable phase and is 
effortlessly biodegradable. Its insoluble substances (Ca and Si) assist bone cells growth and function, and these phase will increase the 
biocompatibility of the samples. 

The size of hematite, maghemite, and sodium calcium silicate crystals in heat-treated glass-ceramics at different temperatures was 
calculated using Scherer’s equation. The calculated crystallite sizes are shown in Table 2. 

D=
Kλ

β Cos θ
(1)  

Where D is the size of the crystals (nm), K is Scherer’s constant and it’s value equal to 0.94. λ is the wavelength of the X-ray source and 
its value is 0.154 nm, β is the full width at half maximum in radians, and θ is the peak position in radians [43]. 

Fig. 3 (a) presents the FTIR spectrum of the specimens treated at 680 ◦C for 2 h in which the peaks centered at 1016 cm− 1,928 cm− 1,

708 cm− 1 and 454 cm− 1 have strong absorption ability. The maximum and broadest band has been located at about 1016 cm− 1, belongs 
to Si–O–Si bending vibrations [44,45]. The width of the band is a function of the homogeneity of the chemical bond, and the presence 
of any defect causes strain in the chemical bonds, which changes the strength of the bond and shows its effect in small displacements of 
the bond positions. The observed band relevanted to the asymmetric stretching of Si–O–Si shifts to lower wavenumbers by incre
menting the percentage of iron oxide in the sample. 

The band located in wave number near 928 cm− 1, related with the stretching of Si − O − Na+. And by incrementing the amount of 
iron oxide in the glass network from 10 to 30% by weight, this band changes to lower wave numbers. These changes indicate that the 
iron cations in this range have acted as glass network former and reduced the number of non-bridging oxygens. While increasing the 
percentage of iron oxide to higher values, this band changes to higher wave numbers. This transition to higher wave numbers shows 
that with the increment in the percentage of iron oxide, the number of non-bridge oxygens in the glass network has increased, and it is 
clear that iron oxide acts as a network modifier in this range. The observed band at about 470 cm− 1 is related the tetrahedral bending 
vibrations of SiO4 and shifts to lower wave numbers with the decrease of silica percentage in the glass network. 

Fig. 3 (b) Indicated the FTIR spectra of heat-treated specimens for 2 h at 840 ◦C. The band seen at the wave number near 1016 cm− 1 

is associated to the asymmetric stretching of Si–O – Si and similar to the FTIR patterns of heat-treated samples at 680 ◦C; this bond also 
shifts to lower wave numbers with increasing iron oxide present in samples. This transition in the position of the band indicatesthe 
textural changes in the sample with increasing iron oxide percent. The band located around the wave number of 928 cm− 1 is related to 
the stretching of Si − O − Na+. A great difference is seen compared to the FTIR spectra of the specimens treated at 680 ◦C. It can be find 
out that with the increase of the percentage of iron oxide from 10 to 40% by weight, this band changes to higher wave numbers, which 
means that iron ions act as a glass network modifier at high temperature. 

Table 2 
Calculated crystallite size for (60 − x)SiO2 − (10+x)FeO − 20CaO − 10Na2O, 0 ≤ x ≤ 30 glass-ceramic system treated at various temperatures.  

Sample Code γ - Fe2O3 α - Fe2O3 Na2CaSiO4 Heat-treatment Temperature (◦C) 

G10F 18 – 25 687 
G20F 26 – 26 687 
G30F 42 26 28 687 
G40F 54 31 24 687 
G10F 21 – 36 840 
G20F 29 – 35 840 
G30F 19 74 34 840 
G40F 30 88 38 840  
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3.2. Magnetic properties of glass-ceramics 

VSM curves are indicated in Fig. 4. All four glass-ceramic specimens showed alike magnetic type. All curves have a low coercive 
field (≅ 150 Oe) and thin hysteresis cycle, characteristic of soft magnetic materials. The saturation magnetization ranges from 0.23 
emu/g for G10F to 0.3 emu/g for G40F, and the coercive field ranges from 142 Oe for G20F to 96 Oe for G40F and the residual 
magnetization for G40F is about fourteen times as large as for G10F. The reported results are summarized in Table 3. 

Maghemite is a ferrimagnetic material with a pure magnetic moment (formula 2.5 μB/unit) and a high Curie temperature (676 ◦C). 
Maghemite saturation magnetization (76 emu/g) is lower than magnetite (92 emu/g) and more than hematite (0.1–0.4 emu/g). On the 
other hand, the Coercive force of maghemite is similar to magnetite (50-800G) and less than hematite (1000-5000G) [46–48]. 

Magnetism is directly related to amount of crystallized maghemite in the specimens [49]. G40F sample contains a larger amount of 
magnetite and so have higher saturation magnetic value. Remanence indicates that a ferromagnetic or ferrimagnetic material can 
become automatically magnetized even without an external magnetic field. Generally, residual magnetic values in glass-ceramics are 
much less than saturated magnetic values owing to structural features. By increasing the saturation magnetization and increasing 
hysteresis loop area, the amount of losses in the alternating magnetic field increases. In other words, G40F glass-ceramic can be 
suitable for applying of magnetic fluid hyperthermia. 

SEM image of glass–ceramic specimens treated at 680 ◦C are indicated in Fig. 5(a)-5(d). The two specimens (G10F and G20F) show 
alike characteristics and it can be seen that maghemite is crystallized spherically and with the increase of the FeO percentage in the 
composition of specimen, the size of the crystals increases. 

It can be observed that with the increasing percentage of iron oxide in glass-ceramic samples, maghemite crystallized in a dumbbell 
shape. In addition, with the incrementing the percentage of iron oxide, the dumbbell-shaped structure became finer. In both samples, 
the cubic morphology of hematite can be seen, and with the increment in the percentage of iron oxide, unlike maghemite, the hematite 
crystals have become larger. 

Magnetic hyperthermia measurement was performed to investigate the heat production ability of synthesized glass-ceramics under 

Fig. 3. FTIR spectra of glass-ceramic heat-treated at (a) 680 ◦C (b) 40◦C .  

Fig. 4. VSM curves of glass-ceramic samples heat-treat at 680 ◦C.  
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alternating magnetic field. Fig. 6 show the temperature changes for heat treated samples at 680 ◦C. The applied field was 335 Oe and 
the applied frequency was 400 kHz. The primary temperature of the all samples was 20 ◦C and it was seen that the temperature in
crements with time. The temperature of the water containing G40F glass-ceramic powder increased by 9 ◦C, and as a result, the 
maximum amount of losses was obtained. While the increase in temperature was less for the other glass ceramics. Magnetic nano
particles, placed in an alternating magnetic, increase the temperature of the fluid by two mechanisms: Neel-Brownian relaxation and 
loss of hysteresis. Néel relaxation occurs as a result of fast changes in the direction of the magnetic moments comparative to the crystal 

Table 3 
Magnetic parameters estimated from hysteresis cycles for glass-ceramic powders.  

Magnetic parameters G10F G20F G30F G40F 

Saturation magnetization, Ms (emu/g) 0.23 0.25 0.28 0.30 
Coercive force, Hc (Oe) 106 144 120 96 
Remanence magnetization, Mr (emu/g) 0.052 0.025 0.055 0.075 
Hysteresis area ±15 kOe (erg/g) 3248 3256 3280 3320  

Fig. 5. SEM images of glass–ceramic samples heat-treated at 680 ◦C.(a) G10F, (b) G20F, (c) G30F and (d) G40F.  
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lattice. But Brownian relaxation occurs as a result of the physical swirl of the glass-ceramic powder in the fluid and counteracting the 
motion of the particles by viscosity. Néel and Brownian relaxation occurs in the case of single-domain nanoparticles. In case of syn
thesized glass-ceramics, considering that the size of maghemite crystals is larger than 10 nm and is one of the multi-domain materials, 
the Néel and Brownian heat dissipation mechanisms can be ignored. Hysteresis losses occur in these glass-ceramics. Hysteresis losses 
occur due to the reciprocating movement of the magnetic domain wall in the direction of the alternating magnetic field and cause heat 
generation. 

3.3. In vitro bioactivity of glass-ceramics 

pH variation of G10-G40F specimens after immersing in simulated body fluid solution for up to 28 days is shown in Fig. 7. In the pH 
study, it was observed that in the period of 1 to 3 days, the pH value of the solution for all samples increased compared to the initial pH 
of the solution, which was 7.4 in physiological conditions. In SBF solution, the rapid release of Na+,Ca2+ cation via exchange with 
H3O+ or H+ ions leads to an increment in the pH value. Replacing H+ ions with cations leads to an increment in the concentration of 
dissolved hydroxyl group. Cation exchange by attacking the silica network leads to the formation of silanols [50,51]. The formation of 
silanols in samples immersed in simulated body fluid solution for 7 to 28 days leads to a decremen in pH, as shown in Fig. 6. It can be 
observed that the decremen in pH increases after 14 days, which is owing to the breakdown of the glass network. 

It can also be seen in Fig. 7 that by increasing the iron oxide percentage in the specimen, the pH of the SBF solution containing the 

Fig. 6. Temperature changes of ferrofluid according to time in magnetic field.  

Fig. 7. pH variation of G10-G40F samples after immersing in SBF solution.  
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submerged specimen increment less than the other samples for three days. The pH of the simulated body fluid solution starts to 
decrease in all specimen after three days. In physiological conditions and owing to the rapid dissolution rate, the maximum pH values 
on the third day for G10-G40F samples were recorded as 10.62, 10.31, 9.49, and 9.24 at 37 ◦C. 

Higher pH values are obtained when the rate of degradation of the glass network is higher. This increment in the pH value of 
simulated body fluid solution also favors the formation of hydroxyapatite carbonate. Because for bone formation, the cross-linking of 
collagen chains, and the deposition of hydroxyl apatite carbonate is required, and the bone formation site requires a high pH. 

XRD patterns of glass-ceramic specimens treated at 680 ◦C and immersed in SBF solution for 28 days, shown in Fig. 8. After SBF 
treatment for 28 days, sharp peaks as to the crystallization of the hydroxyapatite phase can be observed in the diffraction patterns of all 
bioactive glass-ceramic samples. Also, by increment the FeO percentage in specimen and increasing the crystallization of maghemite 
and hematite, the intensity of the hydroxyapatite peaks has decreased. After 28 days of soaking, the intensity of the apatite peaks in 
sample G10F-G30F was seen to be higher and more obvious than the rest of the samples, while the peaks of sodium calcium silicate, 
maghemite, and hematite disappeared. That’s because the formation of thick and compact apatite layers on the surface of the sample 
G10F-G30F happened. With the increment of FeO percentage in the glass-ceramics samples, the intensity of the apatite peaks has 
decreased, which is due to the presence of maghemite and hematite phases in the glass-ceramic sample. In the G40F sample, in addition 
to the apatite peak, small maghemite peaks are also seen, which indicates the formation of a thin layer of hydroxyapatite on the surface 
of the glass-ceramics. 

The formation of the apatite layer on the samples immersed in the SBF solution was studied by SEM images and are shown in Fig. 9 
(a)-9(d). For G10F-G40F samples, a significant HA layer observed after 28 days of soaking on the surface. It can be seen that with the 
increment in the FeO percentage in the samples, the crystallization rate of hydroxyapatite has decreased. Hydroxyapatite is a illus
trious part of tooth enamel and bone, which has a composition of calcium hydroxyapatite and the Ca/P ratio is 1.67. 

EDX analysis for the G10F sample showed that the ratio of calcium to phosphorus on the surface of the sample was about 1.69, 
which is close to stoichiometric apatite. EDX analysis for G20Fsample showed that the ratio of calcium to phosphorus was about 1.70, 
which is close to stoichiometric apatite. An increase in calcium and phosphorus levels was seen in submerged surfaces. But by an 
incremented in the FeO percentage in the specimen, it can be seen that the ratio of calcium to phosphorus decreased in the case of the 
G30F sample is 1.22. In addition, iron peaks are seen, and the intensity of the Si peak decreased. For the G40F sample, the Ca/P molar 
ratio equals 1.2, which corresponds to non-stoichiometric biological apatite. 

Bioactivity, along with the magnetic properties of the synthesized specimens, indicate that these glass-ceramics can be used in 
cancer treatment by the hyperthermia treatment. Due to the good bioactivity of G40F glass-ceramic, in the treatment of bone cancer, 
these materials, together with the reduction of malignant tumors, may strengthen the damaged bone. Although, to make a correct 
decision about the suitability of existing specimens for medical usage, more advanced in vivo tests are needed. 

Fig. 8. XRD patterns of bioactive glass-ceramic samples heat treated at 680 ◦C and immersed in SBF solution for 28 days.  
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4. Conclusion 

(60 − x)SiO2 − (10+x)FeO − 20CaO − 10Na2O,0 ≤ x ≤ 30 glass-ceramic system were synthesized by sol-gel process. XRD results 
of samples dried at 110 ◦C showed that the synthesized glasses are completely amorphous. The DTA pattern of the synthesized sample 
showed two clear crystallization peaks at temperatures of 680 ◦C and 840 ◦C. By performing heat treatment at a temperature of 680 ◦C, 
hematite, maghemite, and sodium calcium silicate phases were seen in the glass. With the increment in the FeO percentage in the glass 
composition, the percentage of maghemite and hematite phases, increased. According to the FTIR spectrum, iron cations in lower 
amounts (x ≤ 30) act as glass network former, and in high amounts (x ≥ 30) act as glass network modifiers. In addition, in SEM images, 
maghemite and hematite crystals in lower iron oxide percentages are crystallized spherically. But in higher percentages of iron oxide, 
the morphology of maghemite crystals is dumbbell-shaped, and hematite crystals are cubic-shaped. It was also seen that the size of 
hematite crystals increased with the increase of iron oxide percentage, but maghemite crystals became smaller. 

By performing the heat treatment of the synthesized samples at 840 ◦C temperature, it was seen that in addition to hematite, 
maghemite and sodium calcium silicate phases, the wollastonite phase also crystallized in the specimens. By performing treatment at 
840 ◦C, the intensity of hematite peaks incremented, and the intensity of maghemite peaks decremented. Hematite is an antiferro
magnetic phase, and increasing the intensity of hematite peaks means reducing the magnetic properties of the samples. In addition, in 
the structural investigations that in all samples heat treated at 840 ◦C showed that iron ions act as modifiers in the glass network. 
Examining of the magnetic properties of the samples, it was also seen that the saturation magnetization of the specimens increment 
with the increase the iron oxide percentage of the samples. An increment in the saturation magnetization of the samples to higher 
values indicates an increase in the amount of heat produced under the alternating induction field. In the bioactivity studies, it was seen 
that all the samples are bioactive. Still the increase in FeO percentage in the composition of the base specimen, the bioactivity of the 
glass-ceramics decreases. 
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Materials 11 (1) (2018) 173, 10.3390%2Fma11010173. 
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