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Abstract 

Mg-Al-Si-O glassy systems have a great importance in a wide range of industrial 
applications, specifically as an electrolyte for molten oxide electrolysis processes in 
steelmaking. Understanding how the iron oxidation state of the raw material (Fe2+/Fe3+) 
and its corresponding amount influence this glassy system’s properties will be the aim 
of the current work. Iron oxides (as Fe2O3 or Fe3O4) were used to dope Mg-Al-Si-O 
system obtaining amorphous materials through an unconventional method: Laser 
Floating Zone (LFZ). Above 8 % mol of Fe formation of magnetic phases or iron 
clusters, were observed in the glass matrix. Samples with Fe2O3 showed a higher crystal 
concentration, when compared with Fe3O4. The electron paramagnetic resonance 
measurements show a strong dependence on the iron source (Fe3O4 or Fe2O3). In 
addition, the magnetization decreases linearly with iron content, independently of iron 
oxidation state, except for samples with a higher concentration of Fe2O3(15 % mol), due 
to sample crystallization. Moreover, with Fe3O4 as raw material there is an 
improvement (~ 250 times) of the electrical conductivity when compared with Fe2O3. 
The results show that the presence of Fe2+ on the glass influences the electrical 
conductivity, which could have impact in the efficiency of molten oxide electrolysis 
process. 
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Introduction 

The system MgO-Al2O3-SiO2-FeOy is mentioned in several works as an electrolyte 
basis for the molten oxide electrolysis process, in order to obtain molten Fe from its 
oxides. Furthermore, it is worth to mention that this composition is already presented as 
a slag in the iron extractive metallurgy processes [1-6]. There are already several studies 
that analyse the structural changes due to iron oxides, the corresponding impact on the 
magnetic, optical and catalytic properties and even some potential technological 
applications [1, 3-7]. However, there are still few works concerning the impact of iron 
on the electrical and magnetic properties in glass systems [8-11]. For the latter, redox 
conditions and temperature determine the iron oxides state and the crystalline phase 
content in the quaternary system MgO-Al2O3-SiO2-FeOy [1, 3-11]. This redox process is 
due to the different oxidation states of iron in magnetite Fe3+[Fe3+ Fe2+ O4] and hematite 
Fe3+[Fe3+ O3] [12]. 

In order to understand the effect of iron oxidation state and the ratio between (Fe2+/Fe3+) 
on the properties of this glass system, amorphous samples were obtained with different 
iron content and oxidation states. This was possible by using the laser floating zone 
(LFZ) method, since this technique is suitable to work under non-equilibrium 
conditions. The pulling rate in the LFZ process is similar to the cooling rate in a 
conventional furnace, allowing a flexible control on the crystallization degree of the Fe-
Mg-Al-Si-O materials and therefore affecting their properties [13-15].  

Previous studies shows that it is possible to obtain fibres of Mg-Al-Si-O doped with 
iron under fast pulling rates [9]. Moreover, it has been shown that growth rate affects 
the iron oxidation in glass matrix [10]. These works describe the crystallization of the 
Fe-Mg-Al-Si-O glassy system and the effect of iron concentration on the phase 
composition. The results suggest that there are a complex crystallization /vitrification 
mechanisms occurring, controlled by the cooling conditions in LFZ and also by the 
network-forming capabilities of the Fe2+ and Fe3+ cations [9, 10]. It was found that the 
presence of a significant Fe2+/Fe3+ redox interactions on Mg-Al-Si-O glass and 
corresponding Fe3+ fraction exert a noticeable effect on the electrical conductivity. The 
effects of Fe2+/Fe3+ on iron distribution and the local environment in the glass were also 
analysed. The conductivity and magnetic measurements showed the effect of the iron 
interaction with the glass matrix and its elements, being very important during the 
molten oxide electrolysis process.  

The present work focuses in the influence of iron amount and its oxidation state on the 
crystallization of the glassy matrix and in the formation of the magnetic and non-
magnetic phases. To study the effect of Fe2+ and Fe3+ cations on the crystallization 
process a magnetic and electrical characterization were performed. 
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Experimental procedure 

Commercial oxide powders of MgO (Merck, +99%), Al2O3 (Merck, 99.5%), SiO2 
(Sigma–Aldrich, 99.6%), Fe3O4 (Sigma–Aldrich, +98%) and Fe2O3 (Aldrich, +99%) 
were mixed to obtain samples with nominal composition (Mg0.203 Al0.374 Si0.423 O1.61), 
containing 0, 2, 4, 8 and 15 % mol of iron cations. A binder (PVA – Polyvinyl alcohol) 
was added to the power mixture in order to extrude the powers as cylindrical rods. 
These extruded rods were used as a feed and seed in the LFZ growth system as 
described in [11]. The LFZ system is equipped with a continuous CO2 Spectron SLC 
laser (λ = 10.6 µm; 200 W) and a growth rate of 100 mm/h was used. In order to 
improve the homogeneity of the fibres, the seed and feed rod precursors rotated in 
opposite directions. Figure 1 presents the as-grown samples, and for those with iron 
concentrations below 8 %mol the brightness aspect is quite visible. Taking into account 
the iron oxidation states, no effects are visible. 

 

Fig 1 – Visual appearance of the samples and influence of iron content and oxidation 
state. 

X-ray diffraction (XRD) was performed in powder samples using a Panalytical X'pert 
PRO3 diffractometer (CuKa1 radiation). The obtained diffraction patterns were 
analysed using a JCPDS database to identify the phases present in the samples. 

Sample morphology and elemental composition were analysed by scanning electron 
microscopy and energy dispersive analyser in a JEOL JSM 6390, equipped with an 
INCA Oxford EDS detector. 

The iron oxidation state was determined by a Bruker EMXplus EPR spectrometer, 
operating in the X-band (i.e. at 9.4 GHz) for temperature range from 100-500 K. The 
measurements were done using quartz tubes.  

DC magnetic measurements were performed on bulk fibre samples (50– 100 mg) using 
a vibrating sample magnetometer (VSM) from Cryogenic Cryofree. The DC 
magnetization was recorded on Zero field cooled (ZFC) and field-cooled (FC) under 0.1 
T, from 5 to 300 K. Typical hysteresis curves were measured at 5 and 300 K, for all 
samples in magnetic field up to 5 T in a parallel position to the applied magnetic field. 
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Electrical response of the samples at room temperature was monitored by DC 
measurements in a suitable homemade 4-point probe resistivity setup, comprising an 
ISO-Tech programmable power supply IPS603 and a HP Multimeter 34401A. On the 
top of the fibres, Ag paste was applied to provide suitable electrical contact. 

Results and Discussion 

The XDR analysis of pure and iron-doped as-grown samples placed in evidence an 
amorphous structure (Fig 2), independently of the oxidation state of the raw material. 
The presence of crystalline phases was detected only for the higher iron content (15 % 
mol), as observed by the peaks intensities and widths on the XRD patterns (Fig 2). 
However, it is important to highlight that the nature of crystalline phases depends 
strongly on the oxidation state of iron in the raw material.  

 

Figure 2 – XRD patterns of powdered samples doped with Fe3O4 and Fe2O3, 
respectively.  
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In fact, the sample obtained from hematite (Fe2O3) exhibits a superior crystallization 
degree. This result clearly shows the iron oxidation state (Fe2+ and Fe3+) influence the 
crystallization process for samples with the same iron content, since different degrees of 
crystallization and phases occur. For fibres with Fe3O4 (and 15 % mol of Fe) a mullite 
(Al 6Si2O13) phase was detected (ref card: 00-015-0776), with an orthorhombic 
crystalline structure (space group of Pbam) and the following lattice parameters: a = 
7.5456 Å, b = 7.6898 Å and c = 2.8842 Å. The presence of this phase was previous 
detected in this glass system when grown at a lower pulling rates (10-50 mm/h) and 
lower iron concentrations (0 and 2 % mol) [9]. Iron silicate (Fe2SiO4) phase (ref card: 
01-080-1625) with a cubic structure (space group of Fd-3m) and a lattice parameter of 
8.2413 Å was detected for the higher amount of Fe2O3 (15 % mol of Fe).  

The distinct crystallization degree observed in fibres obtained with different iron 
oxidation states (Fig 2) could be due to the role of Fe2+ and Fe3+ cations on the 
crystallization process, namely how they interact with the glassy matrix. Indeed, Fe2+ 
generally acts as a network modifier, while Fe3+ could act both as a network former and 
as a network modifier [10]. Previous work already substantiated that the iron interaction 
with the glass matrix is more noticeable at lower pulling rates, due to variations of the 
iron oxidation state and the formation of clusters in the glass matrix [10].  

SEM analysis confirmed the absence of crystallinity in the samples with an iron 
concentration below 15 % mol (not shown). Also, no crystals were observed in the 
fracture and cross section of the samples, and they seem homogeneous. In contrast, the 
samples with a higher iron concentration (15 % mol) presented formation of crystals, as 
shown in figure 3, confirming the XRD results. The chemical characterization (EDS) 
confirms the phases composition detected by XRD. The samples with Fe2O3 presents a 
higher concentration of crystals (Fig. 3) when compared to the one with Fe3O4, which 
explains the peaks’ intensity of the corresponding XRD patterns. 

 

Figure 3 -Micrographs of samples with 15 % mol of iron, grown at 100 mm/h using 
Fe2O3 and Fe3O4 as source of iron. 
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In order to understand the effect of Fe2+ and Fe3+ cations on the crystallization process a 
detailed magnetic characterization was performed using electron paramagnetic 
resonance and magnetization measurements. Figure 4 displays the EPR spectra of low 
and high iron doped glasses. The EPR spectra of low doped glasses consist of two 
signals: a narrow signal for g ~ 4.3 and a broad signal for g ~ 2. The signal with g ~ 4.3 
is typical for isolated Fe3+ ions that are located in the crystal with a rhombic symmetry 
[16, 17, 18]. While the broad signal with g ≈ 2 could be attributed to non-isolated Fe3+ 

ions that are coupled by magnetic interactions [16-18]. The similar EPR profiles for 
Fe3O4- and Fe2O3-doped glasses reveal that iron ions have one and the same 
coordination regardless of the used raw material. For highly doped glasses the EPR 
spectra profiles undergo strong changes and they become dependent on the kind of iron 
source used (i.e., Fe3O4 or Fe2O3) [17]. Two features can be outlined: first, the signal 
with g ~ 4.3 due to isolated Fe3+ ions disappears completely when change from low to 
high Fe2O3 and Fe3O4-doped glasses. Second, the broad signal with g ≈ 2 grows in 
intensity with an increase of the iron content and its shape is different for Fe2O3 or 
Fe3O4, when used as an iron source [17].  

For the Fe2O3-doped system, the EPR spectrum displays an asymmetric signal with an 
apparent g-value of 2.05 and line width of 64 mT. On cooling down from 295 K to 120 
K, the signal becomes broader and shifts to lower magnetic fields. In comparison with 
Fe2O3-doped glasses, a broader signal is observed in the EPR spectrum of Fe3O4-doped 
glasses, with an apparent g-value and line width of 2.2 and 125 mT, respectively. This 
signal is shifted to lower magnetic fields, concomitant with a line broadening when the 
temperature decreases from 295 to 120 K. It is worth mention that the EPR spectra of 
iron-doped glass systems are quite different from that for the raw oxides Fe2O3 and 
Fe3O4. This is a direct evidence of the full integration of iron oxides into the glass 
matrices [16-18]. Therefore, the self-consistent change in the line position and line 
width of the broad signal can be related with the formation of superparamagnetic iron-
containing clusters [16, 17, 18].  

The disappearance of the signal of isolated Fe3+ ions at g ~ 4.3 with increase of iron 
content, as well as the increase in the broad signal with g ≈ 2, are in agreement with 
EPR data reported in the literature for glass matrices containing iron in a concentration 
range of 0 – 8 % mol [10]. It is assumed that the signal at g ~ 4.3 is a fingerprint of 
isolated Fe3+ ions in the glass network and they may be combined in various structural 
arrangements [18-21]. At the same time, the line in higher magnetic fields (g ~ 2.0) may 
be attributed to the formation of clusters containing Fe3+ [10, 18, 19, 22], and the 
increase in the signal intensity at g ~ 2.0 can be assumed as an indication of progressive 
clustering [10, 23]. These clusters can be quite complex due to formation of Fe3+-Fe2+ or 
Fe3+-Fe3+pairs, with possible super-exchange and dipole-dipole interactions [10, 23].  
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Figure 4 - EPR spectra of 2%mol (а) and 15 % mol (b) of Fe2O3 (up) and 2% mol (a) 
and 15% mol (b) of Fe3O4, (down). In the interest of comparison, the EPR spectra of 

raw Fe2O3 and Fe3O4 are also shown. 

The EPR results are corroborated by the magnetization measurements (Figs 5), where at 
low temperature it is observed a hysteresis loop for all samples (Fig 5a), except for the 
one with 2 % mol of Fe2O3, that presents a paramagnetic behaviour, therefore 
confirming a lower iron concentration [24]. Magnetic measurements at room 
temperature show the samples’ paramagnetic behaviour (Fig 5b), except for the sample 
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with 15 % mol of Fe2O3, that presents a superparamagnetic behaviour with higher 
magnetization value. This outcome confirms the EPR results and it is in accordance 
with other reported findings for this crystalline structure (Fe2SiO4 - magnetic phase) 
[25]. The remaining samples show magnetization values and behaviour typical of glass 
systems containing iron [9, 10, 18]. A linear decrease of the magnetization value with 
the iron content (fig 5a-b) is observed, independently of its oxidation state. 

 

 

 

Figure 5 –Magnetization measurements for samples with x= 0 - 15 % mol Fe and 
different iron raw materials: Fe2O3 (line ) and Fe3O4 (dots ). 
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The magnetization decreases from 5 to 300 K (Fig 5c) for samples with low iron 
concentration (<15 % mol). The decrease of magnetization is more drastic from 5 to 20 
K, while at higher temperatures the decrease is slower for all samples. Such behaviour is 
due to the iron concentration and how the iron interacts/distributes itself in the glassy 
matrix [18]. The temperature behaviour for the 15 % mol Fe2O3 sample confirms the 
presence of the Fe2SiO4 crystals [25] and it is possible to observe a constant value all 
along the temperature range (Fig 5c). 

The iron amount and oxidation state influences the magnetization behaviour, and it is 
more visible in the hysteresis cycle at 5 K for a lower iron concentration. At high 
temperatures and for higher iron concentrations, the influence of Fe2+/Fe3+ is more 
noticeable, due to the presence of magnetic crystals such as Fe2SiO3 that influence the 
magnetization values and behaviour as observed in Figs. 5 [12, 18]. 

Moreover, samples with 15 % mol of Fe2O3, show transitions between the 
measurements on ZFC (Zero Field Cold) and FC (Field Cold) method at T ~ 60 K, 
while for Fe3O4 samples such transitions are observed at T ~ 160 K (Fig 5c). This could 
be due to the iron oxidation state and also to how the iron interacts with the matrix 
(formation of clusters) [10, 18]. 

Additionally, an electric characterization was performed in order to deeply understand 
the features of this system. The results of electric measurements confirm the presence of 
a glass matrix with the incorporation of an element that behaves like an electric 
conductor (Fig. 6). This result are in accordance with the values reported for the same 
glass system [9, 10]. Moreover, it is observed that a higher Fe concentration improves 
the electrical conductivity in all samples. In addition, when Fe3O4 is used as raw 
material the electrical conductivity improves 250 times upon comparison with the use of 
Fe2O3. The reason for this higher electrical conductivity could be due to how iron ions 
interact with the glass matrix and how they are dispersed. While for lower 
concentrations it is observed a low electrical conductivity due to how the ions being 
dispersed in the glass matrix. For a higher iron content the presence of clusters could 
explain, the increase of electrical conductivity and the mechanism of electrical 
conduction in this material. 
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Figure 6 – Electrical conductivity (DC) measurements of samples at room temperature  

The significant changes in the oxidation state and preferred coordination of iron cations 
observed above 8 % mol iron concentration are correlated with the significant increase 
in conductivity. This result could be due to a contribution from Fe2+/Fe3+ redox 
interactions and clustering, a possibility supported by EPR results and also by the 
increase of magnetization. This outcome might result in an appearance of redox-driven 
polaron conduction mechanisms in this MAS glass system, by hopping between Fe2+ 
and Fe3+ cations [11].  

Inferring from the presented results, it is observed the influence of Fe2+ on electrical and 
magnetic properties, whereas the electrical conductivity and magnetization both suffer 
an increase with the iron concentration. Moreover, the influence of the iron oxidation 
state on the raw material is more evident for higher iron concentrations.  

Conclusions 

The LFZ method was successfully used in the present work to grow amorphous 
materials in order to study the effect of iron doping in the Mg-Al- Si-O glass system. 
For growth rates of 100 mm/h, amorphous materials were obtained below 8 % mol of 
iron content, regardless of the oxidation state (Fe2+/Fe3+). In opposition, 15 % mol of 
iron concentration induces crystallization of the samples, with magnetic and non-
magnetic phases, due to how Fe2+ and Fe3+ interact with the glass matrix. 

The magnetic measurements (VSM and EPR) confirm the results of the structural 
characterization and demonstrate the influence of iron oxidation states on magnetic 
behaviour, as well as the formation of clusters with a higher iron concentration. The 
electrical measurements reveal the influence of the (Fe2+/Fe3+) ratio and concentration 
on conductivity. Moreover, using Fe3O4 as raw material increases almost 250 times the 
electrical conductivity.  
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From the present results, for lower iron concentrations (< 8 % mol) the oxidation state 
did not reveal a significant influence on electrical and magnetic properties. However, 
for higher concentrations (15 % mol), the effect is more pronounced, because the iron 
oxidation state promotes the formation of magnetic phases and iron clustering in the 
glass matrix. 
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