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Abstract. CaO-Al2O3 based glasses are studied due to their presence in hydraulic binders/re-
fractory cements. With the addition of Fe, an increased complexity in the phase diagrams and 
the liquid structure is observed as this element can exist in two different oxidation states which 
plays different roles in a liquid/glass matrix.  

The aim of this study is to understand the influence iron addition in a CaO-Al2O3-B2O3 
glass. B2O3 was added to simulate a liquid phase present in some Belite-Ye'elimite-Ferrite 
clinkers in which a glassy phase is observed. Iron is mainly present in the Fe3+ form in four-
fold coordination. Viscosity and glass transition temperatures decrease with the addition of 
Fe2O3 which has an important impact for the clinkering process. This decrease with iron cor-
relates with the appearance of a new band at 650 cm-1 in the Raman spectrum which can be 
assigned to the vibration of Al—O—[4]Fe3+—O—Al links.  
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1. Introduction

The CaO-Al2O3-SiO2 ternary diagram is particularly important for earth and materials sciences 
(E glass, acid or basic slag, Portland cement, high alumina cement...). One of the key chal-
lenges of the energy transition is to reduce CO2 emissions in the manufacture of materials, 
particularly cement. The cement industry significantly contributes to climate change as it is 
responsible for 7% of global anthropogenic CO2 emissions [1]. The total cement production 
averaged about 4100 Mt/year worldwide between 2014 and 2019 and is expected to remain 
stable [1]. Hence, there is great interest in developing new hydraulic clinkers that produce a 
lower carbon footprint both to prevent the associated environmental impacts and to avoid the 
costs of CO2 taxes that are likely to increase in the future. Recently, the growing interest of 
glassy materials used as secondary cementitious materials in blended cements led to new 
studies relating the glass properties to their performance in final cements [2]. The thermody-
namic and physico-chemical properties of the glass were related to their hydration reactivity, 
but the behavior is not fully quantitatively understood due to the missing relation between fun-
damental thermodynamic properties and the local structure in the glass.  
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Iron oxide is one of the major components in low CO2 BYF-type cements [3], [4], [5], [6] 
as well as in Ordinary Portland Cements (OPC) and calcium aluminate cements. In the BYF 
clinker production, a C-A-F liquid phase controls / influences the formation and properties of 
ye’elimite – the key active component [7]. The structure of the molten calcium-aluminate 
phases in cement comprises interpenetrating CaO and Al2O3 rich phases that closely resemble 
the corresponding crystals [8]. In OPC clinkers, the addition of Fe2O3 in combination with CaO 
and Al2O3 lowers the melting point from 1430 ºC to 1339 ºC in the sintering zone of the rotary 
kiln [9]. This is the origin of the common understanding in the cement manufacturing industry 
that an increase of the iron oxide content in the raw mix increases the amount of liquid phase 
and therefore decreases the maximum clinker burning temperature in the sintering zone of the 
rotary kiln. However, the underlying thermodynamics of this process is not fully understood 
[10], [11]. The maximum amount of liquid phase at a given temperature is predicted from a 
phase diagram point of view for an A/F ratio of 1.38 [11]. The observed increase in the raw mix 
burnability in high iron bearing raw mixes must therefore have additional causes beyond the 
decrease of the melting temperature. 

The burnability of a raw mix is influenced by its particle size distribution, which depends 
mostly on the grain size of silica and the viscosity of the liquid phase formed during clinkeriza-
tion [10]. The viscosity of this liquid phase remains largely unknown, as Fe-bearing composi-
tions are hard to vitrify and often crystallize. Timashev [12] and Butt et al. [13] claimed that 
additional electronegative elements decrease the viscosity by changing the distribution be-
tween Al3+/Fe3+ in octahedral or tetrahedral coordination. However, this does not explain why 
a higher burnability is also observed in the pure quaternary CaO-SiO2-Al2O3-Fe2O3 system. 
The current insight comes mostly from experiments on silicate and aluminosilicate systems, 
but data on calcium aluminate systems is scarce. The viscosity of aluminosilicate melts de-
creases by more than an order of magnitude after substituting Si4+ or Al3+ by Fe3+ [14], [15], 
[16], [17]. The viscosity of aluminosilicates and ferrosilicates of the same stoichiometry dimin-
ishes when Al3+ is replaced by Fe3+ as the energy of the Fe-O bond is lower than that of the 
Al-O bond which weakens the system [17]. 

Several studies contributed to the basic understanding of redox reactions [18], [19], [20], 
[21], [22], [23] and concluded that these reactions are dominated by diffusional mechanisms 
[22]. Nevertheless, the exact nature of the implied species involved in the redox reactions is 
still a topic of numerous debates: O2, O2-, divalent or monovalent cations and it seems also to 
be temperature dependent [23], [24], [25], [26], [27]. This is partly due to the fact that the con-
ditions of temperature, oxygen partial pressure and chemical composition that govern the re-
dox mechanism remain partially unconstrained. Some authors showed that the iron oxidation 
/ reduction reactions near the glass transition temperature Tg in dry iron-aluminosilicate glasses 
[22], [28], [29], Fe-bearing pyroxene or Fe-borosilicate glasses [23], [30], [31], [32] could be 
controlled by the migration of divalent cations (Ca2+, Mg2+, Fe2+) through a crystallized layer 
formed at the surface. The migration of these ions is charge-balanced by a counter flow of 
electron holes [23].  

Calcium aluminate glasses are an analogous of the C-A-F liquid formed during the syn-
thesis of OPC and BYF clinkers. Their structures show great variability in their local aluminium 
and calcium environments depending on the Al2O3 / CaO ratio. Al is essentially in 4-fold coor-
dination. Tetrahedral aluminium may be present as Q2, Q3 or Q4 species as a function of the 
Al2O3 / CaO ratio (Qn indicates tetrahedral sites with n bridging oxygen) [33], [34], [35], [36], 
[37]. Meanwhile calcium, playing the role of a charge compensator, may exist in six-fold coor-
dination in a depolymerized system like the C3A glass or in 7-fold coordination in a more pol-
ymerized one as the CA glass [33], [34], [38], [39], [40], [41], [42], [43], [44]. The interest in 
calcium aluminosilicate glasses includes applications in cement production [7], [10], glass in-
dustry [45], and fundamental research because they correspond to the so-called “invert 
glasses” ([Network modifiers] > [Network Formers]).  
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The presence of boron oxide in the raw mix reduces the formation temperature of the liquid 
phase [46], [47] and plays a role in the activation of pseudo-cubic ye’elimite during clinkering 
[48]. The relationship between the origin of this amorphous phase, its macroscopic properties 
and the concentration / redox of iron in the slag was never studied in spite of the fact that the 
burning conditions may change the valence of this element. At low concentrations (< 2 mol%), 
boron causes the formation of BO3 units in Ca-aluminate glasses, resulting in a drop of Tg and 
the temperature of formation of the liquid phase [37]. Boron and aluminium do not mix randomly 
in Ca-aluminate glasses, creating two subnetworks at higher boron contents and increasing 
viscosity [37].  

The aim of this contribution is to investigate the effect of iron in the structure and properties 
of calcium aluminoborate glasses that approximate the composition of the liquid phase formed 
during the production of a BYF clinker. Several glasses based on the composition CAB35.02 
(with 35 mol% Al2O3, 2 mol% B2O3 and the complement CaO) investigated by El-Hayek et al 
[37] were doped with iron. In the present study, the redox state of iron and its local environment 
were investigated using wet chemical analysis, XAS spectroscopy at the Fe K-edge, and Ra-
man spectroscopy. Densities, glass transition temperatures and viscosities at low temperature 
were determined in order to link the macroscopic changes to the glass structure at the nano-
scale. 

2. Experimental Methods 

2.1 Starting Materials 

Pure oxides were dried for 24 hours at: 1100°C for Al2O3, 550°C for CaCO3 and Fe2O3 and 
110˚C for CaB2O4.2H2O respectively. 100g of Al2O3-Fe2O3-CaB2O4.2H2O-CaCO3 mixed pow-
der was ground in an agate mortar with ethanol for 30 minutes. All samples have 2 mol% B2O3 
with a fixed molar ratio of R= CaO/(Al2O3+B2O3) = 1.71. The raw mix was calcined at 950°C 
for one hour to release CO2. The mixture was then heated in air above liquidus temperature 
for 30 minutes. Glasses were obtained by dipping the bottom of the crucible in water. The 
melting-grinding procedure was repeated 4 times to ensure the homogeneity of each glass. X-
Ray Diffraction scans and Raman spectra did not show any crystallization peaks.  

The composition of each glass is reported in Table 1. The glasses were named CAFX.Y., 
with X indicating the molar percentage of Al2O3 and Y the molar percentage of Fe2O3 with 2 
mol% of B2O3 and 100-(X+Y+2) indicating the molar percent of CaO. The chemical composi-
tion of each glass was measured by X-ray Fluorescence (XRF) and Inductively Coupled 
Plasma Atomic Emission Spectroscopy (ICP-AES) The density of the glasses was determined 
with the Archimedean method using toluene as an immersion liquid. The glass transition tem-
peratures (Tg) were measured by Differential Scanning Calorimetry (DSC) in a Setaram Lab-
sys calorimeter calibrated for temperature using the melting points and polymorphic transitions 
of NaCl, KCl, K2SO4 and CaF2 at a heating rate of 10K/min. The reported TgDSC value is taken 
at the midpoint of the temperature range bound by the tangents to the two flat regions on the 
heat flow curves.  
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Table 1. Chemical composition, in wt. %, Archimedean density, and Tg determined by DSC measure-
ments (heating rate 10K/min). Uncertainties are given in brackets. 

2.2 Wet chemical analysis 

The glass samples were dissolved in an HCl aqueous solution. Phosphoric acid was added to 
reduce the electrode potential for the Fe3+ -> Fe2+ reaction by stabilizing the ferric ion as a 
FePO4 complex.  

A standard solution of potassium dichromate (K2Cr2O7) was used to determine the con-
centration of Fe2+ in the samples.  1 mole of Cr2O7

2- (the oxidizing agent) reacts with 6 moles 
of Fe2+ (the reducing agent) to form 6 moles of Fe3+ and 2 moles of Cr3+. Thus, in net ionic 
form: 

Cr2O7
2-+ 6Fe2+ + 14H+ -> 6Fe3+ + 2Cr3+ + 7H2O (1) 

Diphenylamine was used as an indicator to detect the end of the titration as the solution 
shifted from colorless to an intense purple color. 

2.3 XANES 

Fe K-edge X-ray absorption spectroscopy (XAS) data were collected at LUCIA beamline [49] 
of SOLEIL Synchrotron (France) in the range of 7000-7400 eV. The energy was calibrated 
setting the first inflection point of a metallic Fe foil at 7112 eV. XANES (X-Ray Absorption Near 
Edge Structure) spectra were reduced by background subtraction with a linear function and 
then normalized for atomic absorption on the average absorption coefficient of the spectral 
region from 7170 to 7300 eV. A particular attention was given to the analysis of the pre-edge 
peak, which is due to the s-d electronic transition that, although forbidden, becomes partially 
allowed due to the mixing of the d-state of the transition metal and the p-state of the surround-
ing oxygens [50]. The pre-edge peak intensity and energy position are highly sensitive to both 
the Fe oxidation state and its coordination [51], [52], [53]. In this study, the pre-edge peak 
analysis was carried out following the procedure reported in detail in [54], [55]. The background 
was subtracted using an arc-tangent function, and then the peak was fitted by a sum of pseudo-
Voigt, pV, functions, constrained to have the same full-width half maximum (FWHM) and Lo-
rentzian coefficient. The centroid position of the pre-edge peak represents the energy position 
of the de-convoluted components weighted by their integrated area. 

2.4 Raman spectroscopy 

Unpolarized Raman spectra were recorded at room temperature using a T64000 Jobin-Yvon® 
triple spectrometer equipped with a confocal system, a CCD (Charge-Coupled Detector) 
cooled by liquid nitrogen and an Olympus® microscope. An Ar+ laser at 488.01 nm was used 
as exciting source operating at 100 mW on the sample. All spectra were recorded between 40 
and 2000 cm-1 with an integration time of 300s. A linear baseline was fitted directly to the 
Raman spectra [56]. Spectra were normalized to the total area, after baseline subtraction, and 
deconvoluted using the Fityk® software.  

Glasses %CaO %Al2O3 %B2O3 %Fe2O3 Density TgDSC(K)

CAF37.00 48.8(0.9) 51.2(1.0) 0.0 0.0 2.909(5) 1117.5

CAF35.00 52.1(1.0) 46.2(0.9) 1.7(0.0) 0.0 2.907(3) 1087.0

CAF35.02 46.5(0.9) 47.8(0.9) 1.6(0.0) 3.9(0.0) 2.940(4) 1091.4

CAF33.04 45.7(0.9) 44.3((0.9) 1.8(0.0) 8.7(0.2) 2.987(2) 1060.6

CAF32.08 41.8(0.8) 40.5(0.8) 1.6(0.0) 16.7(0.3) 3.067(5) 1033.9

CAF31.12 37.2(0.7) 38.0(0.8) 1.8(0.0) 23.5(0.5) 3.160(5) 1018.9

CAF28.16 34.7(0.7) 33.3(0.7) 1.5(0.0) 30.2(0.6) 3.232(4) 991.2
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2.5 Low Temperature Viscosity measurements 

Viscosity measurements on supercooled liquids were carried out in air, using the creep appa-
ratus [57]. We used a silver cylinder attached to the upper piston to minimize the temperature 
gradient along the sample. The temperature was measured with two Pt-Pt/Rh10% thermocou-
ples on the top and the bottom of the sample. The temperature difference along the cylinder 
was found to be less than 0.1 K. The samples used for the measurement are cylindrical, with 
5 mm diameter, 10 mm height and an approximate weight of 0.5 g. By comparing with the 
reported values of relaxed viscosity on SRM 710 glass from the National Bureau of Standards, 
Neuville [57] estimate the viscosity uncertainty and the reproducibility to be less than 0.02 log 

units with this technique. Each point in the  versus 1/T curves corresponds to an average of 
20-30 measurements made at different stress, which implies a Newtonian behavior character-
istic of a homogeneous glass sample. The stress range varies between 6.6 to 8.7 log Nm-2.  

3. Results 

3.1 Redox, density and molar volume  

Tables 1 and 2 summarizes the chemical composition, density and the redox ratio Fe3+/Fetot 
determined by wet chemical analysis. The redox ratio around to 0.95(±0.05) for all glass com-
positions. XANES spectra at the Fe K-edge are plotted on Figure 1a. The main resonance and 
the pre-edge regions are similar for all spectra. The pre-edge is very intense and is centered 
around 7114 eV. The white line is at 7132 eV and the first EXAFS oscillation is at 7200 eV. In 
order to get more details about Fe speciation, we focused on treatment of the pre-edge peak 
following Cicconi et al. [41]. Indeed, all samples show well-defined pre-edge peaks, with the 
strongest contributions arising from the component at 7114.4 eV (Figure 1a,b). For each glass, 
the background subtracted pre-edge peaks were fitted using two pseudo-Voigt functions lo-
cated around 7112.65 and 7114.4 eV, in agreement with trivalent iron model compounds.  Re-
lated XAS spectra and the pre-edge peaks, indicate the prevalent presence of Fe3+ in all 
glasses (Figures 1a,b). The resulting integrated intensities of the pre-edge peaks and their 
centroid energies (Table 2) are plotted in Figure 1c.  This variogram is based on the original 
work of Wilke et al [52], and modified by several authors [54], [58 and references therein]. The 
analysis of several Fe model compounds defined some characteristic areas (shadowed ellip-
ses in Fig 1c). This study showed that all divalent Fe model compounds have centroid energies 
centered around 0.9 eV above the Fe metallic edge. On the other hand, trivalent model com-
pounds are centered at energies close to 2.4 eV [49], [52], [54]. The relative energy is plotted 
in reference to the first maximum of the first derivative of a metallic Fe spectrum (7112 eV). 
The accuracy of XANES redox measurements is explained, discussed and compared in a re-
cent paper [53]. At constant energy, the integrated intensity of the pre-edge peaks observed 
in model compounds varies depending on the Fe coordination geometry [30], [51], [52], [53], 
[54], [59].  
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Figure 1. a) XAS spectra of the four CAF glasses. From the top to the bottom, the amount of Fe de-
creases. b) Pre-edge peak region after background subtraction, for glass CAF33.04. The pre-edge 

peak has been deconvoluted using two pseudo-Voigt functions (dotted lines). c) Plot of the pre-edge 
peak integrated intensity vs. centroid energy position. Red squares refer to the CAF glasses. d) glass 

density versus Fe2O3 content in mole %. 

The pre-edge peak results are compatible with the main presence of four-coordinated 
[4]Fe3+ as indicated by the wet chemical analysis even if it is interesting to observe that glasses 
with the highest amount of Fe (i.e. CAF31.12 and CAF28.16) have lower integrated intensities 
(see Table 2). Indeed, while the redox state of iron does not change much, the intensity of the 
pre-edge peak decreases with increasing total iron content (Figure 1c). Since the integrated 
intensities of the Fe pre-edge peaks can also provide information on the average Fe coordina-
tion number, the de-convoluted signals in this study suggest that ferric ion is mainly four-fold 
coordinated for a total iron amount below 10 mol%, whereas, for higher contents, the average 
coordination seems to increase. 

Table 2. Calculated Centroid and Integrated experimental intensity of four CAF glasses and Fe3+/Fetot 
determination from XANES data analysis and Wet chemistry. 

Glass Centroid (eV)a 
Integrated intensity 
(a.u.) 

Fe3+/Fetot 

XANES  
Wet  
Chemistry 

CAF33.04 2.329 0.31 0.94(5) 0.96 

CAF32.08 2.330 0.24 0.94(5) 0.95 

CAF31.12 2.331 0.22 0.96(5) 0.93 

CAF28.16 2.343 0.22 0.95(5) 0.94 
aCentroid = Pre-edge peak centroid energy – 7112.0 eV (metallic foil energy) 

 

68



El Hayek et al. | Glass Europe 4 (2026)  

 

The XANES at Fe K-edge and the wet chemical analysis are in good agreement and con-
firm that iron in aluminate glasses are in a 3+ oxidation state and four-fold coordination. The 
addition of Fe3+ increases the density of the glasses (Figure 1d). Moreover, XANES spectra 
show clear features for glass spectra and not for a mixture of glass and crystal, which would 
give results corresponding to a combination of signals from pure poles, as shown recently [53]. 

3.2 Raman spectroscopy 

Raman spectra are presented in Figure 2. The spectra can be separated in three frequency 
regions: the boson region between 40 – 200 cm-1, the intermediate frequency region between 
200 – 1100 cm-1 and the high frequency region between 1100 – 1800 cm-1. 

- The boson region: 40-200 cm-1, the boson peak around 90 cm-1 is ascribed to the rota-
tional motion of interconnected tetrahedra in glasses [60], [61], [62], [63]. The changes of the 
frequency and the shape of the boson peak reveal some structural changes at the medium 
range order. In silicate glasses for example, the boson peak shifts to higher frequencies and 
increases in intensity with the distortion of SiO4 tetrahedra [62], [63]. In aluminate glasses, Al 
plays the same role as Si in a tetrahedral position [34], [37].  When B replaces Al, an increase 
in intensity and a shift of the boson peak is observed. This variation is attributed to an evolution 
of the network from a tetrahedral to a more triangular one following Simon et al. [64]. In our 
case, the boson peak shifts from 98 to 86 cm-1 with 12% of Fe2O3. This shift with the addition 
of Fe3+ is expected to be due to the replacement of Al by Fe in the same tetrahedral position 
due to a mass effect. For glass compositions with higher iron contents the boson peak is hidden 
by the Rayleigh excitation which is assigned to the nucleation of some nano-particles as al-
ready shown by several authors [65], [66], [67].  

Figure 2. Unpolarized Raman spectra of CAF glasses. Vertical lines high-lights the changes occurring 
by increasing the iron content. 
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- The intermediate frequency region: 200-1100 cm-1 

In CAF35.00 – the iron free calcium aluminate – a small band is visible around 305 cm-1. 
This band can be attributed to vibrations of alkaline or alkaline earth elements [63]. This band 
becomes more intense and shifts to lower frequencies with the addition of iron, starting from 2 
mol % of Fe2O3 at 293 cm-1 and going down to 261 cm-1 for 16 mol % of iron. The band at 545 
cm-1 is due to the presence of Al—O—Al bridges [34], [44], [68]. It becomes wider and shifts 
to lower frequencies up to 518cm-1 with 16 mol % of Fe2O3.  

A distinct difference between the spectra of iron-bearing and iron-free samples is the de-
polarized band around 655 cm-1 in the aluminate vibration region. This band grows in intensity 
and stays constant in frequency with increasing iron content. According to Mysen et al. [14], 
[15] this band can be attributed to the presence of iron. This observation is well correlated with 
results from the XANES spectroscopy at the Fe K-edge which shows that iron is only present 
in the trivalent oxidation state and a four and/or five-fold coordination.  

The band at 768 cm-1 was assigned to Al—O stretching [34], [68], whereas the band at 
910 cm-1 corresponds to the presence of orthoborate triangular units formed at low concentra-
tions of B2O3 [32], [37], [69] [70]. This band is still visible up to 4 mol % of Fe2O3 and then 
vanishes under the envelope formed between 400 and 900 cm1.  

- The high frequency region: 1100-1800 cm-1 

This region is occupied by a large envelope that increases in intensity with the addition of 
iron. The bands in the high frequency range were assigned by Kamitsos et al. [71], [72] to the 
B-O- bonds of large borate groups. The band increases in intensity and shifts to a lower fre-
quency due to the presence of iron that modifies the distribution of BO3 and BO4 units. The 
deconvolution of this envelope will be detailed below.  

3.3 Viscosity at low temperature and glass transition temperature 

The results of the viscosity measurements on the CAF series are listed in Table 3, and are 
plotted in Figure 3 as a function of the reciprocal temperature. We also added values for iron-
free C12A7 and CAF35.00 glasses from El Hayek et al. [37], without and with boron respectively, 
for comparison. Viscosity measurements are made up to 8 mole % of Fe2O3 as it was not 
possible to obtain glasses that are large enough to produce cylindrical samples with higher Fe 
contents. For higher concentrations than 8% mole of Fe2O3, a few grams of each composition 
were quenched in order to obtain glasses to measure their density, Raman spectroscopy, and 
Tg. Viscosity curves show a non-Arrhenian behavior of the supercooled liquids along the 4 
orders of magnitude of the measurements which is in agreement with previous data on C12A7, 
which corresponds to a very fragile glass composition [33], [34]. 

The addition of boron – shown by the curves corresponding to C12A7 and CAF35.00 – 
decreases the viscosity by breaking the aluminate network [37]. The change in the slope with 
boron content is probably due to a change in the coordination number of boron with tempera-
ture according to Cormier et al. [73]. Iron addition produces a non-linear decrease of viscosity 
with increasing iron content. As the concentration of iron increases up to 8 mol%, the viscosity 
always shows a non-Arrhenian behavior along the 4 order of magnitude measuring range and 
shows a decrease respectively of 0.5, 1 and 2.5 orders of magnitude for 2, 4 and 8% Fe2O3 in 
mole percent. Using the data from the viscosity measurements, it is possible to determine the 
parameters of Tamman-Vogel-Flucher (TVF) equation used to interpolate viscosity data: log η 
= A + B (T – T1), where A, B and T1 are empirical parameters. The TVF parameters are given 

in Table 4 with the glass transition temperature, Tg taken at a constant viscosity of 1012 Pa.s. 
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Table 3. Viscosity measurements in log Pa.s at different temperature in Kelvin, performed with the 
creep apparatus on CAF glasses. 

 CAF37.00  CAF35.00  CAF35.02  CAF33.04 CAF32.08 

T log η T log η T log η T log η  T log η 

1181.2 8.51 1037.6 9.84 1137.7 8.90 1120.5 8.50 1095.6 8.39 

1171.7 8.92 1116.1 10.55 1126.1 9.40 1115.3 8.80 1083.4 8.98 

1162.2 9.30 1106.7 10.94 1121.1 9.68 1103.4 9.30 1073.3 9.51 

1153.6 9.68 1097.5 11.29 1116.1 9.91 1094.3 9.79 1069.6 9.71 

1144.4 10.16 1084.6 11.59 1105.0 10.40 1085.1 10.30 1062.8 10.05 

1136.8 10.53 1083.1 11.87 1102.8 10.70 1075.6 10.80 1059.0 10.25 

1126.3 11.16 1077.2 12.17 1093.8 10.86 1073.4 10.93 1054.5 10.55 

1116.3 11.81   1091.7 11.03 1062.3 11.45 1044.6 11.08 

1106.1 12.32   1082.8 11.48 1053.2 11.89 1038.3 11.50 

    1075.3 11.82 1048.2 12.20 1026.6 12.20 

    1063.8 13.40     

Table 4. A, B and T1 parameters calculated from the TVF fit on the low-temperature viscosity data (Ta-
ble 3) and glass transition temperature Tg  calculated for log =12 log Pa.s. The input temperatures 

and viscosities are in Kelvin and Pa·s respectively. 

 CAF37.00 CAF35.00 CAF35.02 CAF33.04 CAF32.08 

A  -9.9075 -2.8493 -17.593 -19.755 -4.194 

B  7931.7 5110.5 16298.0 17764.0 4406.7 

T1 749.6 735.0 500.2 493.0 754.2 

Tg 1111.6 1079.2 1072.2 1051.9 1029.4 

Figure 3. Viscosity of glasses plotted as a function of the reciprocal temperature. C12A1 is calcium 
aluminate, the starting composition, CAF35.00, the iron free boroaluminate glass, and others CAFX.Y, 

with Y the iron content (lines are guides for the eyes). 

The viscosity and DSC measurements show that the addition of iron in aluminate glasses 

produces an important decrease of Tg. It becomes larger with iron content (Figure 4). This 
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effect observed at low temperature is of a larger magnitude than the one already known at high 
temperature on sodium iron aluminosilicate melt [16], [17], [74]. 

Figure 4. Glass transition temperature as a function of Fe2O3, determine from the TVF parameter and 
measure with DSC experiment with and heating rate of 10K/min. 

4. Discussion 

4.1 Effect of ferric iron on the density and molar volume of aluminate 
glass  

XANES spectroscopy at the Fe K-edge show a strong pre-edge peak, characteristic of the 
prevalent presence of Fe3+ in tetrahedral coordination [23], [30], [32], [51], [53]. This ferric iron 
in four-fold coordination can link easily with aluminum in the aluminate network. Both cations 
will play the role of a network former in these invert glasses.  

As a first consequence of the presence of [4]Fe3+ in the CAF glasses, an increase of the 
density is observed when adding Fe2O3 to the glass (Figure 1d). Indeed, two factors contribute 
to the increase of density: the molecular weight of Fe2O3, which is higher than Al2O3 and the 
iron coordination which is mainly in [4]Fe3+ form in our compositions. This leads to the contrac-
tion of the network causing a decrease of its volume [14]. In summary, the inverse relationship 
between the molecular weight and the volume of the network induces a net increase of the 
density. The molar volume of the alumina glasses increases from 24.5 cm3 to 26.5 cm3 with 
the addition of 16 moles of Fe2O3. The increase can be simply explained by the fact that the 
[4]Fe3+-O distance is larger than Al3+-O distance, respectively 1.86Å for [4]Fe3+-O distance  from 
recent neutron measurements [75] and 1.76Å for Al3+-O distance [76], [36]. 

4.2 Macroscopic effect of ferric iron on aluminate glass  

Figure 4 shows that Tg calculated with the TVF equation or from DSC measurements decrease 

as a function of Fe2O3 content. The same trend is clearly visible between Tg and TgDSC. TgDSC 

is always higher 10±5K than Tg and in line with Tequi et al. [77]. While doubling the concen-
tration of iron, Figure 4 shows a drop of Tg by ~30K. With 4% of Fe2O3, iron is in 3+ and 4-fold 
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coordination as shown in Figure 1c. For higher iron contents, the average iron coordination 
smoothly increases to 5-fold for 16 mole percent of Fe2O3 (CAF28.16 composition). These 
observations are also in good agreement with the fact that the slope of the viscosity curves for 
CAF35.02, CAF33.04 and CAF32.08 are similar. This implies that iron plays the same role and 
stays in [4]Fe3+ in agreement with XANES at the Fe K-edge and the Raman spectra which 
shows a Fe3+ band at 650cm-1. We can propose the assumption that the decrease of Tg for 
CAF31.12 and CAF28.16 results from a slow increase in the iron coordination from 4 to 5. 
However, some important points must be considered to explain the evolution of Tg and the 
viscosity:  

• two network formers are in competition in the glass network: aluminum and Fe3+.  

• The bond energy of iron (Fe—O= 409 kJ/mol) is lower than aluminum (Al—O= 512 
kJ/mol)  

• [4]Fe3+ can easily replace aluminum in a tetrahedral species. The incorporation of iron 
in the aluminate network fragilizes the matrix thus leading to a decrease of the viscosity 
and the glass transition temperature. The increase of Fe average coordination number 
could also have an impact on the viscosity and Tg. However, more experimental data 
are needed to explain the influence of the average coordination number on the 
evolution of physical properties. 

4.3 Mechanical introduction of iron in the tetrahedral network of glasses 

The structure of CAF35.00 (the base calcium aluminate glass with 2 mol% B2O3) consists of a 
tridimensional network of AlO4 tetrahedral units as highlighted by the presence of two bands 
around 550 et 780 cm-1 in the Raman spectra (the aluminate region) and a minor amount of 
B3+ in 3-fold coordination [37]. When increasing the iron content in CAF glasses, a new band 
is observed in the intermediate frequency region, around 650 cm-1. XANES spectra of CAF 
glasses already confirmed the presence of Fe3+ in four-fold coordination (Figure 1a,b,c).  

Figure 5. Deconvoluted Raman spectra of the respective samples. 
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The Raman spectra of iron-bearing silicate glasses show a strong band near 970 cm-1 – 
within the silicate region – that grows with the addition of iron (Figure 5). Mysen et al. [14], [15] 
assigned this band to a 4-fold coordinated Fe3+ interconnected with the silicate framework. 
This interpretation is going along with the study of Virgo et al. [78], [79], [80], [81] for the spectra 
of quenched melts (glasses) in the Na2O-SiO2-Fe2O3-FeO system where Fe3+ is in a tetrahedral 
coordination. In fact, this band is more accurately attributed to the vibration mode of Si—O in 
the Si—O—[4]Fe3+ link. In an analogous manner, the similarity of the ionic charge between Fe3+ 
and Al3+ enables iron to easily substitute aluminum in the glass framework, hence allowing the 
appearance of a Raman band in the aluminate region. The band around 650 cm-1 can then be 
attributed to the vibration mode of Al3+—O in the Al3+—O—[4]Fe3+ link (Figure 6).  

Following the comparison between ferrosilicate and ferroaluminate glasses, it seems that 
the band attributed to the presence of iron in the matrix is a network dependent peak (Figure 
6).  Consequently, its frequency changes according to the tridimensional network formed in 
the glass.  

Figure 6. Schematic explanation for iron band vibration in silicate and aluminate network. 

In the high frequency region, the intensity of the envelope between 1100 cm-1 and 1800 
cm-1 – associated to borate species – tends to increase in intensity with the addition of iron. In 
order to get detailed information about the structure, and the different borate species present 
in the glasses, the full deconvolution of both intermediate and high-frequency regions in Ra-
man spectra has been carried out by using up to 8 components (listed in table 4), representing 
the different vibration units (Figure 5). The frequency, width and area of each Gaussian band 
are given in table 5.  

At low iron concentrations (CAF35.02 glass), a band around 450 cm-1 appears which can 
be assigned to BO4 isolated units [69]. This band disappears under the large envelope in the 
intermediate frequency range when the concentration of iron increases. The high frequency 
region of the Raman spectra is characterized by bands involving the vibration of BO3 and BO4 
units. This high frequency envelope was fitted using three bands (6 to 8 in Figure 5). The band 
around 1190 cm-1 is associated with the vibration of two Al in four-fold coordination linked to a 
BO3 unit [69]. Bunker et al. [70] found that the bands around 1350 cm-1 and 1520 cm-1 are due 
to BØ2O- (Ø= bridging oxygen) triangle units linked to BØ4-units and BØ2O-triangles linked to 
other BO3 units respectively. These two contributions are denoted A4 and A3 respectively. It 
seems that the intensity of the A4 band, rises with the addition of iron.  Since the proportion of 
BO4 units in the glasses is directly related to the area of the A4 band then, the concentration 
of these units should increase with the addition of iron.  
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Table 5. Deconvoluted bands obtained from the fits of the Raman spectra: Ux, Wx, Areax correspond 
to the frequency in cm-1, FWHM in cm-1, the area in a.u., with x indicating the frequency of each band, 
respectively. Raman spectra deconvolution parameters for the CAF35.00 are already published in El 

Hayek et al. (2017). 

Bands  CAF35.02 CAF33.04 CAF32.08 CAF31.12 CAF28.16 

υ450 457.16 - - - - 

υ540 543.78 540.41 533.61 541.94 516.29 

υ650 650.35 656.29 656.77 652.38 636.40 

υ770 772.44 774.68 772.82 758.22 758.94 

υ910 914.91 913.77 873.51 880.32 - 

υ1190 1192.27 1192.36 1115.73 1265.01 1135.14 

υ1350 1352.29 1382.64 1248.6 1362.76 1341.29 

υ1510 1518.49 1540.96 1456.19 1495.32 1466.89 

W450 49.37 - - - - 

W540 78.83 79.93 93.19 134.73 99.29 

W650 101.17 110.42 122.74 108.51 145.93 

W770 134.96 131.67 119.19 145.48 138.30 

W910 78.66 78.56 97.13 116.63 - 

W1190 149.71 73.75 137.21 248.62 127.78 

W1350 197.14 214.96 202.88 192.48 220.71 

W1510 121.49 174.71 314.39 194.74 219.70 

A450 0.004 - - - - 

A540 0.091 0.091 0.015 0.147 0.086 

A650 0.098 0.232 0.048 0.151 0.145 

A770 0.196 0.304 0.040 0.251 0.127 

A910 0.024 0.022 0.004 0.019 - 

A1190 0.018 0.004 0.002 0.035 0.004 

A1350 0.026 0.031 0.035 0.043 0.064 

A1510 0.008 0.029 0.029 0.063 0.075 

N4Raman 0.536 0.484 0.530 0.305 0.448 

It is possible to determine the fraction of boron in BO4 units, N4Raman (N4R), i.e. N4R= 
BO4/[BO4+BO3], from the total area of the different bands involving BO4 species and the total 
area of bands associated to borate species  

In our work, the resolved bands involving vibration of BO3 species are the bands that cor-
respond to the vibration of the orthoborate group around 910 cm-1 (band 5 in Figure 4), the 
band around 1190 cm-1 assigned to the vibration of AlO4

-—BO3—AlO4
- (band 6 in Figure 4), 

and the one around 1520 cm-1 associated with the vibration of BØ2O- — BO3 (band 8 in Figure 
4). The bands involving vibrations of BO4 species are those attributed to BO4 isolated units 
around 450 cm-1 and the second one around 1350 cm-1 associated with the vibration of BØ2O-

— BO4 (bands 1 and 7, respectively).  

 𝑁4𝑅 =
𝐴450+ 𝐴1350

𝐴450+ 𝐴910+𝐴1190+𝐴1350+𝐴1520
=  

𝐴450+ 𝐴1350

𝐴𝛴𝐵2𝑂3

      (2) 

Ax, where A corresponds to the integrated area and x to the frequency of each band.  

N4Raman values are reported in table 4. Apparently, this fraction remains nearly constant as 
observed by Cochain et al. [32] for borosilicate glasses, except for CAF31.12 glass. It seems 
that the fraction of boron in tetrahedral coordination (N4) is independent of iron content. Alt-
hough N4R remains nearly constant, Raman data show considerable changes in BO3 and BO4 
structural environment with the addition of iron (Figure 5). The increase of BØ2O-— BO4 entities 
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observed when increasing the concentration of Fe2O3 implies a rearrangement of medium 
range order around the BO4 tetrahedra.  

The macroscopic properties are altered by the addition of iron as a direct consequence of 
the structure modifications.  

4.4 Optical basicity of CAF glasses.  

Duffy and Ingram [82] developed the optical basicity concept in order to determine the acido-
basicity properties of mixtures containing large numbers of oxides. Usually, the oxygen be-
haves as a Lewis base and the metal ions behave as a Lewis acid [21]. It is possible to calcu-
late the so-called theoretical optical basicity of a multi-oxide glass on the basis of the equation 
proposed by Duffy and Ingram [82] as the average basicity of all oxides present in the glass. 
Ottonello optical basicity values were used to calculate the theoretical optical basicity of CAF 
glasses [20]. The optical basicity of each CAF glass was calculated as follows:  

  Ʌ𝑔 =  
∑ 𝑛𝑖×𝑂𝑖

4
𝑖=1

𝑂𝑡𝑜𝑡𝑎𝑙
   (3) 

Where g is the optical basicity of the glass, ni is the molar percent of each oxide present in 
the glass, Oi is the number of oxygen atoms composing each oxide, Ototal is the number of all 
oxygen atoms present in the glass. 

Figure 7. The drop of the theoretical optical basicity for CAF glasses by increasing the content of iron. 

In Figure 7, the theoretical optical basicity,  is plotted versus Ca/(Al+Fe). Obviously, the 
decrease of optical basicity is mainly associated with the change in the Ca/(Al+Fe) ratio.  

4.5 Viscosity of CAF(B) glasses and melts 

To better discuss the impact on clinkering, the viscosity was plotted as a function of iron content 
and temperature and is presented in Figure 8. Although the measurements were performed 
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on glass samples at moderate temperatures, a qualitative prediction at high temperature is 
possible as the measurements were performed in the region of a supercooled liquid (above 
Tg). When increasing the Fe2O3 level from 0 to 8 mol% in the supercooled liquid, the viscosity 
is lowered by almost 3 orders of magnitude. The liquid phase in iron bearing clinker systems 
is therefore much more fluid than in low iron calcium aluminate systems. It is obvious that this 
decrease of viscosity is one of the key properties to increase the burnability of a given raw mix.  

Figure 8. Viscosity as a function of iron composition at different temperatures (lines are guides for the 
eyes). 

The diffusion of the elements in the liquid is enhanced and the formation of nodules in the 
rotary kiln is favored. In addition, in BYF type cements, the presence of the liquid phase triggers 
the formation of Fe-bearing ye’elimite [5], [7] with better hydration properties. In BYF and OPC 
clinker, the presence of the liquid phase leads to the formation of nodules in the clinkering 
process that are important for an optimum cooling process in the grate coolers. In addition, in 
OPC clinkers the presence of the liquid enhances the reaction kinetics of the C+C2S=C3S Alite 
formation reaction via diffusion of Ca through the liquids phase [10] which improves the burn-
ability. Due to the lower viscosity, the liquid phase dispatches much faster in the complete raw 
mix inside the kiln and therefore increases the homogeneity and the process stability. Last but 
not least, the presence of a liquid with lower viscosity improves the coating formation at the 
surface of the refractories which is important to increase their lifetime. However, a drawback 
may be that the overall clinkering process is more difficult to control and overburning may be 
observed more frequently. 

5. Conclusion 

Iron speciation has a strong influence on melt structure and physical properties. For CAF 
glasses, Raman and XANES spectra show the presence of mainly iron (3+) more precisely in 
4-fold coordination. The wet chemical analysis has shown that the Fe3+/Fetot ratio is constant 
along the CAF join. This behavior indicates that ferric iron is stabilized by the presence of 
network modifier cations like Ca2+ and prefers the tetrahedral coordination when sufficient al-
kalis or alkaline earth elements are available for charge balance. Therefore, ferric ion behaves 
as a structural analogous to Al3+. At higher Fe contents, a part of the trivalent iron could be 
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stabilized in higher coordination numbers since the CaO/(Al2O3+Fe2O3) molar ratio decreases. 
As a result, both glass transition temperature and viscosity at low temperature decrease with 
the addition of iron. Furthermore, it is important to point out that the network forming ability of 
iron is weaker than aluminum.  

Beside the effect on physical properties, we observed an increase in BO4 tetrahedral units 
with the addition of Fe2O3. Only then, calcium starts to play the role of a network modifier in 
order to create non-bridging oxygen needed for the formation of BO4 units. The effect of iron 
on B2O3 structural units is not well known. Further experimental data will be required to under-
stand this interaction.  

Due to the structural variations in the glass / supercooled liquidus with the addition of 
Fe2O3, a lowering of the viscosity of almost three order of magnitudes is observed. This lower 
viscosity has a strong impact on the clinkering process. The melt becomes more fluid, favors 
the formation of nodules and therefore increases the burnability of a given raw mix. In the case 
of BYF type cements, the formation of Fe-bearing ye’elimite should be favored. 

The newly acquired structural data can now be linked to reactivity considerations of the 
glassy phase. Further experimental work is needed to study the hydration behavior of these 
BYF type iron-bearing glasses with and without the presence of boron. 
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