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ABSTRACT 
Microstructure of CaO-SiO2-based glassy samples with various Al2O3 contents were examined 
quantitatively by Raman spectroscopy and 27Al MAS NMR. Sequence of multiple cluster models of 
aluminosilicate system modified with Ca2+ and Na+ cations have been designed, and Raman spectra 
simulation were carried out after geometric optimization by quantum chemistry (QC) ab initio 
calculation. The functional relationship between Raman scattering cross section (RSCS) and stress 
index of silicon-oxygen tetrahedron (SIT) for aluminosilicates was established, which was applied to 
the calibration of experimental Raman spectra. Some five-fold coordinated aluminum (AlⅤ, around 
5%) and less than 2% six-fold coordinated aluminum (AlⅥ) were detected by 27Al MAS NMR, while 
most of aluminum remained in tetrahedral sites (AlⅣ). The hyperfine quantitative results of Raman 
spectroscopy and NMR showed a gradually production of AlⅣ with addition of Al2O3, along with the 
significant adjustment of Qi species distribution, in which Q1, Q2 reduced and fully polymerized Q4 
increased while Q3 showed a non-monotonic variation and obtained the maximum at Al2O3=18 mol%. 
Furthermore, the effects of aluminum to bridging oxygen bond types (T-Ob, T=Si, Al) and the degree 
of polymerization were also discussed in detail. The evolution of microstructure and its correlation 
with the viscosity of CaO-SiO2 based melts, incorporating various Al2O3 additives, have been 
investigated by employing in situ high temperature Raman spectroscopy at 1823 K and viscosity 
model. These structural features related to composition are essential theoretic foundation to 
understand their properties. The average Qi evolution culminates in an overall enhancement of the 
degree of polymerization. Viscosity was determined utilizing a rigorously selected viscosity model, 
elucidating a consistent upward trajectory as Al2O3 content is incrementally added. Furthermore, a 
quantitative analysis of the relationship between viscosity and structure was conducted based on 
the average number of non-bridging oxygen per network-forming tetrahedron (NBO/T). It provides 
valuable insights for examining and predicting viscosity behaviour of aluminosilicate systems. 

1. INTRODUCTION 
CaO-Al2O3-SiO2 (CAS) glasses and melts are of special interest for their technological significance 
and structural peculiarities, and have a wide range of industrial applications [Sharma et al. (2020),  
Sokol et al. (2018), Li et al. (2014)]. For instance, the CAS system is a major component of blast 
furnace (BF) slags and mold fluxes extensively used in metallurgical processes [Takahashi et al. 
(2015)]. A comprehensive understanding of the physical properties of aluminosilicate molten slags, 
encompassing thermal conductivity, density, and viscosity, is indispensable for unraveling the 
intricate mass, momentum, and energy transfer phenomena. This knowledge is crucial for optimizing 
slag compositions, enhancing fuel usage efficiency, and achieving superior performance in diverse 
industrial processes [Wang et al. (2020), Siafakas et al. (2018), Rajavaram et al. (2017)]. Among 
these properties, viscosity hold critical significance in metallurgical melts, in view of its direct effect 
on the kinetic and thermodynamical conditions of the processes. Therefore, the comprehensive 
investigation of viscous behavior of molten slags carries imperative theoretical and practical 
implications for comprehending the fluid dynamic and slag-metal reaction kinetics during the 
metallurgical processes. 
In the ternary CAS system, the network former SiO2 constructs various structural units through 
diverse connections of silicon-oxygen tetrahedrons (SiOTs), such as monomer (SiO4), dimer (Si2O7), 
chain (SiO3), layered (Si2O5) and three-dimensional network structures (SiO2). These structural units 
can also be indicated by primary structural species Qi (i = 0-4, denotes the number of bridging oxygen 
(BO, Ob) in each tetrahedron) [Sano et al. (1997)]. Moreover, You et al. (2005) stated that the 
complex connections among SiOTs cannot be described by primary structure species alone, and 
hyperfine secondary structures adopted the shorthand symbol Qi (n1h, n2q, n3t)

jklm  must be adopted, 
where subscript i refers to the number of BO of the central SiOT; superscript j, k, l and m correspond 
to the numbers of BO of the adjacent tetrahedra Qj, Qk, Ql and Qm of the central Qi, respectively; n1, 
n2 and n3 are the number of various rings involved in the central SiOT, respectively, while h, q and t 
represent six-, four- and three- membered rings, respectively. 
Aluminum, as a representative amphoteric oxide, may exhibit different coordination roles, in which 
the four-fold coordinated AlOT is commonly observed as the network former, facilitating 
polymerization of the network by consuming alkali metal or alkaline-earth metal cations for charge 
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compensation. Additionally, the existence of five- and/or six-fold coordinated aluminum has been 
detected in aluminosilicate, although their definitive structural characteristics and formation 
mechanisms remain elusive, thereby adding complexity to the overall structure and viscosity 
behavior [Mysen et al. (2021)]. Extensive research has been undertaken to elucidate the amphoteric 
behavior of Al2O3 in aluminosilicate and establish the correlation between structure and viscosity 
[Zhang et al. (2013), Chen et al. (2019), Gu et al. (2020), Atila et al. (2019), Losq et al. (2014)]. Park 
et al. (2008) conducted an assessment on the viscosity of CaO-Al2O3-SiO2 slag, revealing an initial 
increase in viscosity upon the addition of Al2O3, followed by a subsequent decrements at higher 
Al2O3 concentrations. However, their analysis of viscous flow behavior was predominantly based on 
a qualitative examination of the structural aspects. The majority of studies thus far have focused on 
the impact of the CaO/Al2O3 ratio on viscosity [Shao et al. (2019), Zhen et al. (2014)], leaving the 
investigation of the effect of Al2O3 with a fixed CaO/SiO2 ratio relatively understudied. Therefore, to 
clearly get insight into the influence of Al2O3 on viscosity, it is essential to quantitatively explore the 
dependence of viscosity on the structural characteristics of molten slags. 
In previous studies, amorphous glasses have been commonly employed as surrogate models for 
investigating the structural properties of melts, primarily due to the obstacles of high temperature 
experimental techniques in studying the structural characteristics of molten systems [Chen et al. 
(2019), Viet et al. (2016)]. However, numerous investigations have highlighted that the 
microstructure of silicate and aluminosilicate glasses may not be entirely representative of their 
corresponding melts, potentially stemming from divergent thermal histories influencing the glass 
microstructure [Richet et al. (2022), Mysen et al. (2003)]. The rapid advancement of high-
temperature measurement techniques has underscored the pressing need to directly investigate the 
microstructural characteristics of molten systems. Among them, in situ high temperature Raman 
spectroscopy stands out for its exceptional capability to probe the microstructure of molten 
substance because of its remarkable sensitivity to the network microstructure, including short-range 
environment and network connectivity. Some researchers have conducted deep quantitatively 
analysis of melt structure evolution using in situ high temperature Raman spectroscopy in binary 
CaO-SiO2, ternary MgO-CaO-SiO2, and Na2O-Al2O3-SiO2 system [Mysen et al. (2003), Gong et al. 
(2022), Ma et al. (2020)]. For ternary CAS system, because of the high melt point and complex 
amphoteric behavior of Al2O3, the information of melt microstructure is absent. As such, it is 
significant to examine the microstructure of CAS melts by using in situ high temperature Raman 
spectroscopy, and further construct the relationship between structure and properties, which is 
essential in understanding the fundamental mechanisms of various compositional effect on the 
macroscopic physical properties. 
In the Raman spectra of aluminosilicate, the characteristic Raman-active band in the high 
wavenumber range (> 800 cm-1) can be assigned to the symmetric stretching vibration of the NBO 
of SiOT (Si-Onb). This band, is approximately monotonically related to the type of central SiOT, i.e., 
delicate Qi (n1h, n2q, n3t)

jklm  or primary Qi species with different connections between central SiOT and 
adjacent tetrahedra, and is the object of Raman spectra quantification. Nonetheless, quantitative 
analysis by Raman spectroscopy is still being developed, You et al. (2005) proposed a concept 
involving the stress index of silicon-oxygen tetrahedra (SIT) to reflect the complex connectivities 
among SiOTs. This was performed to establish a relationship between the Raman scattering cross 
section (RSCS) and SIT and further quantitatively analyze the microstructures of binary sodium 
silicate. 
Therefore, in the present work, SIT and RSCS values were employed to help quantitatively 
investigate the evolution of delicate Qi (n1h, n2q, n3t)

jklm  and primary Qi species by Raman spectroscopy 
and simulate calcium aluminosilicate glasses and melts that exhibit various Al2O3 contents with a 
fixed CaO/SiO2 ratio of 1. Additionally, viscosity predictions were carried out through the Urban 
model, and then to bridge of the correlation between melt microstructure and viscosity. 
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2. EXPERIMENTAL METHODS 

2.1. Material synthesis 
Six calcium aluminosilicate glassy samples were prepared by melting mixtures of CaO, Al2O3, and 
SiO2. The compositions of the samples, ranging from 0 to 30 mole percentage of Al2O3 with a 
constant CaO/SiO2 ratio of 1, are presented in Table 1. The starting materials with stoichiometric 
amounts of CaO, Al2O3 and SiO2 (analytical reagent-grade, Sinopharm Chemical Reagent Co., Ltd) 
were accurately weighed and thoroughly mixed in an agate mortar with ethyl alcohol for 2 h. 
Subsequently, the mixtures were premelted placed in a muffle furnace at a rate of 10 K/min until 
1873 K (above the liquidus temperature of the samples) was reached, and held for 1 h to obtain a 
homogeneous and bubble-free melt. The resulting liquids were cooled, ground into powder, and then 
pressed into thin sheets with a diameter of 10 mm and a height of 1 mm. An aerodynamic levitation 
(ADL) furnace equipped with two beams of CO2 lasers approximately 80 W and capable of achieving 
an extremely high cooling rate of 300 K/s was applied to prepare the glassy samples. CASx (x = 0, 
6, 12, 18, 24, 30) was adopted as a shorthand notation for the glassy samples with compositions of 
(100-x)/2CaO·xAl2O3·(100-x)/2SiO2. 

TABLE 1 – Chemical compositions of calcium aluminosilicate glassy samples 

Sample number CaO/mol% Al2O3/mol% SiO2/mol% 

CAS0 50 0 50 
CAS6 47 6 47 

CAS12 44 12 44 
CAS18 41 18 41 
CAS24 38 24 38 
CAS30 35 30 35 

2.2. Experimental details 
Raman spectra of the vitrified and molten samples were recorded in the range of 50-1600 cm-1 by 
using Horiba Jobin Y’von (LabRam HR) micro-Raman spectrometer equipped with pulse laser with 
a wavelength of 532 nm and ICCD (Intensified Charge Coupled Device). Six vitrified powders of 
CASx (x = 0, 6, 12, 18, 24, 30) were placed in a platinum crucible and then heated at a rate of 300 
K/min from RT to 1273 K by using a high temperature observational system (IRF-DP, Japan), 
followed by a subsequent ramp-up from 1273 K to 1823 K at a rate of 100 K/min. After melting, the 
Raman spectra were recorded at 1823 K. 
27Al MAS NMR spectra of glassy samples were collected using a Bruker Advance III WB 400 MHz 
spectrometer at a Larmor frequency of 104.25 MHz (9.4 T). The samples were spun in cylindrical 
aluminum free zirconia rotors with a diameter of 4 mm at a spinning rate of 12 kHz. One-pulse 
acquisition was used while the cycle delay time was 0.5 s, and the cumulative times were 600. 

2.3. Computational details 
The model clusters of ternary CaO-Al2O3-SiO2 aluminosilicate with different aluminum introduction 
and various Qi connections were constructed on the basis of CaO-SiO2 binary silicates, which were 
optimized and calculated by QC ab initio calculations by using Gaussian 09W software. The 
Restricted Hartree-Fock (RHF) self-consistent field and 6-31G(d) basis set were employed to 
optimize clusters and Raman spectra were then simulated for those clusters after being optimized 
on the same computational methodology [Nowak et al. (1994), Lee et al. (1993)]. 
Notably, the ‘Loewenstein Al avoidance’ rule [Loewenstein et al. (1954)] was preferentially 
considered for the introduction position and amount of Al of model cluster construction. Considering 
the charge balance of AlOTs, a cluster structure with n(Al) requires 1/2n(Ca) for charge 
compensation, which greatly increases the difficulty of cluster structure construction to maintain 
higher symmetry and reduces computational success. Therefore, the Na+ cation was selected to 
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partially displace the Ca2+ cation as a charge compensated ion to simulate more reliable structures. 
Previous studies showed that the influence of different alkali metal and alkaline earth metal cations 
on the symmetric stretching vibration frequency of Si-Onb in silica tetrahedral structure units can be 
negligible [Piriou et al. (1983), Brawer et al. (1977)]. 

3. RESULTS AND DISCUSSIONS 

3.1. Quantification of microstructure of CaO-Al2O3-SiO2 glasses and melts 
In this work, a series of model clusters were designed with connections of AlOTs and SiOTs as 
network formers, Ca2+ cations acted as network modifiers, and Na+ cations were used, as they are 
needed to balance the charge of AlOTs. The optimized model clusters by QC ab initio calculations 
with different connections are illustrated in Figure 1. The calculated Raman-active wavenumbers of 
the symmetric stretching vibrations of Si-Onb and its RSCS are shown in Table 2 The calculation 
results indicate that the characteristic peaks with notable intensity in 800-1200 cm-1 are mainly the 
symmetric stretching vibrations of Si-Onb. The wavenumbers of identical Qi species in this range 
decreased with increasing aluminum introduction, which is consistent with the results obtained for 
kyanite, sillimanite and andalusite by Feng et al. (2006). Compared to the Si-O bond, the Al-O bond 
has a smaller force constant, and the coupling of the Al-O and Si-O bonds leads to a decrease in 
the wavenumber of the Si-Onb symmetrical stretching vibration. 
In order to explain the microscopic stress functioning mechanism and establish the relationship 
between wavenumbers and microstructures, the SIT of SiOT was empirically defined by You. et al. 
(2005). As mentioned above, the introduction of aluminum heavily affects the symmetrical stretching 
vibration of Si-Onb. Therefore, to establish the relationship between microstructural stress and 
characteristic Raman vibration wavenumbers in the ternary CaO-Al2O3-SiO2 system, the influence 
of aluminum on the microscopic stress environment must be considered. The developing calculation 
formula of SIT is as follows: 

1
iSIT X Rα= +                                                                                                          (1-1) 

1
( ) ( )

1 1

1 )
k i

i i j i j
j j k

X Q Q Q Q
i

β
= = +

 
= + 

 
∑ ∑                                                                       (1-2) 

( )1 2
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Si Al

i i

n nR
n n

β+
=

−∑                                                                                                       (1-3) 

where 1Xi is the first-order molecular connectivity index of SiOT, while R and α are the contribution 
of the ring and proportionality coefficient (α = 1 in nonalumina silicate), respectively. Qi is the number 
of BO in the ith SiOT, while Qj is the BO number of SiOT or AlOT adjacent to the ith SiOT. The 
parameter ni is the number of rings Qi participates in while nSi and nAl are the number of rings SiOT 
and AlOT participate in, respectively. β is a constant (β = 0.5). The SIT values in the clusters are 
presented in Table 2. 
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Fig. 1. Diagrams of model clusters with different connections between the central silicon-oxygen tetrahedron 
(SiOT) and adjacent SiOT or aluminum-oxygen tetrahedra (AlOT), forming a network framework. Additionally, 
Ca2+ cations act as network modifiers, and Na+ cations act as charge compensators of AlOTs, partially 
replacing Ca2+ : (a) Ca8Si4O16; (b) Ca12Si8O28; (c) Ca6Na2Si2Al2O14; (d) Ca6Si5O16; (e) Ca5Si4O13; (f) Ca6Si6O18; 
(g) Ca6Na2Si4Al2O18; (h) Ca4Si8O20; (i) Ca4Na2Si6Al2O20; (j) Ca6Si12O30; (k) Ca6Na2Si10Al2O30; (l) 
Ca6Na4Si8Al4O30; (m) Ca4Na2Si10Al2O28; (n) Ca4Na4Si8Al4O28; (o) Ca4Na4Si6Al6O28; (p) Ca6Na2Si16Al2O42; (q) 
Ca6Na4Si14Al4O42; (r) Ca6Na6Si12Al6O42; (s) Ca4Si18O40; (t) Ca4Na2Si16Al2O40; (u) Ca4Na4Si14Al4O40; (v)  
Ca4Na4Si14Al4O40. 
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TABLE 2  – The stress index of silicon-oxygen tetrahedron (SIT), Raman scattering cross section (RSCS), and 
the wavenumber of symmetric stretching vibration of Si-Onb by quantum chemistry ab initio calculation of 
designed model clusters probably existed in ternary CaO-Al2O3-SiO2 glasses and melts. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chemical formula Qi species  SIT RSCS Si-Onb 
stretching/cm-1 

(a) Ca8Si4O16 4Q0 0.00 11.39 902 
(b) Ca12Si8O28 8Q1 1.00 5.87 949 
(c) Ca6Na2Si2Al2O14 4Q1 0.50 9.29 936 
(d) Ca6Si5O16 2Q1+3Q2 1.71 5.46 1013 

(e) Ca5Na2Si2Al2O13 2Q1+2Q2 1.35 7.58 993 
(f) Ca6Si6O18 6Q2 2.25 5.40 1024 
(g) Ca6Na2Si4Al2O18 6Q2 1.71 6.20 983 
(h) Ca4Si8O20 8Q3 4.50 3.47 1149 
(i) Ca4Na2Si6Al2O20 8Q3 3.83 1.56 1099 
(j) Ca6Si12O30 12Q3 4.25 3.29 1142 

(k) Ca6Na2Si10Al2O30 12Q3 3.85 1.56 1105 

(l) Ca6Na4Si8Al4O30 12Q3 3.30 2.15 1068 

(m) Ca4Na2Si10Al2O28 8Q3+4Q4 4.22 2.95 1127 

(n) Ca4Na4Si8Al4O28 8Q3+4Q4 3.41 2.71 1071 

(o) Ca4Na4Si6Al6O28 8Q3+4Q4 2.70 4.24 1021 

(p) Ca6Na2Si16Al2O42 12Q3+6Q4 4.13 2.34 1147 

(q) Ca6Na4Si14Al4O42 12Q3+6Q4 3.80 1.65 1101 

(r) Ca6Na6Si12Al6O42 12Q3+6Q4 3.22 2.07 1064 

(s) Ca4Si18O40 8Q3+10Q4 4.81 4.05 1173 

(t) Ca4Na2Si16Al2O40 8Q3+10Q4 4.60 3.33 1154 

(u) Ca4Na4Si14Al4O40 8Q3+10Q4 4.18 3.01 1131 

(v) Ca4Na4Si14Al4O40 8Q3+10Q4 3.48 1.40 1108 
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Figure 2. (a) Fitted linear relationship (y(x) = 903.91+53.74x, R2 = 0.91) between stress index of silicon-oxygen 
tetrahedron (SIT) and Wavenumber of Si-Onb symmetric stretching vibration; (b) Fitted relationship between 
SIT and Raman scattering cross section (RSCS) by polynomial regression (y(x) = 11.68-11.00x+10.57x2-
5.11x3+1.06x4-0.076x5, R2 = 0.9554), in which the icons with different shapes and colors refer to the original 
fitting data (i.e., the calculated Qi by quantum chemistry ab initio calculation based on the designed probable 
cluster microstructures in calcium aluminosilicate). 

The linear relationship between the SIT of Qi and the calculated wavenumber of the Si-Onb symmetric 
stretching vibration is established, as shown in Figure 2(a), which is consistent with that of binary 
sodium silicates and calcium silicate in previous studies [You et al. (2005), Ma et al. (2020)]. The 
process used to determine this relationship is well proven, specifically, the concept of SIT can be 
extended to ternary calcium aluminosilicate glasses. On the other hand, Qi with different SITs should 
have a specific RSCS value, and the relationship between SIT and RSCS is shown in Figure 2(b), 
which was fitted by polynomial regression. This polynomial function can be applied to correct the 
experimental Raman spectra of glasses, and then the relative concentrations of Qi in calcium 
aluminosilicate glasses can be obtained from the areas of the corrected Raman spectra. 

Figure 3. Experimental 27Al MAS NMR spectra of CAS6, CAS12, CAS18, CAS24, and CAS30 glassy samples 
recorded at a magnetic field of 9.4 T. 

3.2. 27Al MAS NMR spectra 
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27Al MAS NMR spectra can effectively probe subtle variations in the local environment of aluminum. 
Consequently, to identify the roles of aluminum in the aluminosilicate network, 27Al MAS NMR 
spectra of the prepared glassy samples were obtained, as shown in Figure 3 The 27Al MAS NMR 
spectra for the five glasses exhibit a dominant asymmetric peak (approximately 60 ppm) with a 
shoulder (approximately -20-40 ppm), which denote the chemical shifts of AlⅣ , AlⅤ  and AlⅥ , 
respectively. Significantly, the 27Al MAS NMR spectra in this study were recorded at a relatively 
moderate magnetic field intensity (9.4 T), resulting in a long intensity tail at lower frequency due to 
the strong second-order quadrupolar coupling effect of aluminum; this occurs because quadrupolar 
coupling constants (CQ) are widely distributed at low field strength, which will cover and obscure the 
possible peaks of AlⅤ and AlⅥ. 

In addition, it can be observed that the NMR spectra show almost an undifferentiated chemical shift 
and subtle change in full width at half maximum (FWHM). This phenomenon implies that the local 
environments of aluminum with different constituents did not change significantly, i.e., the presence 
of aluminum in fourfold coordination predominantly acts as a network former. 
To consider the effect of second-order quadrupolar interaction, the spectra were fitted in DMFit 
[Massiot et al. (2002)] software by using Czjzek line shapes, through which the experimental spectra 
can be fitted with average isotropic chemical shift value (δiso), distribution, and mean CQ, to simulate 
the second-order quadrupolar broadened peaks from aluminum in different coordination 
environments. The fitting results of the obtained 27Al MAS NMR spectra are shown in Table 3. 
TABLE 3  – The fitting parameters of relative intensity (I), average isotropic chemical shift (δiso), full width at 
half maximum of the Czjzek distribution (FWHM) and average quadrupolar coupling constant (CQ) using 
Czjzek line shapes to the 27Al MAS NMR spectra of glassy samples. 

Sample Coordination 
environment I/% δiso/ppm FWHM/ppm CQ/MHz 

CAS6 
AlⅣ 93.41 65.45 12.86 6.26 
AlⅤ 5.15 33.20 12.76 5.54 
AlⅥ 1.44 7.97 13.75 5.26 

CAS12 
AlⅣ 93.80 66.62 13..36 6.50 
AlⅤ 4.60 35.17 14.39 5.41 
AlⅥ 1.60 6.57 12.70 5.26 

CAS18 
AlⅣ 97.19 67.83 13.89 6.74 
AlⅤ 2.81 34.57 14.39 5.55 
AlⅥ - - - - 

CAS24 
AlⅣ 96.98 68.76 13.86 7.08 
AlⅤ 3.02 37.84 14.39 5.55 
AlⅥ - - - - 

CAS30 
AlⅣ 93.11 65.58 12.26 6.33 
AlⅤ 5.25 34.16 14.39 5.73 
AlⅥ 1.64 7.14 12.70 5.26 

For all investigated glasses, most aluminum atoms are in fourfold coordinated AlIV sites (more than 
90%, Table 3). Furthermore, a substantial fraction of fivefold coordinated AlⅤ sites are detected 
(approximately 5%, Table 3) while a minor amount (less than 2%, Table 3) of sixfold coordinated Al
Ⅵ sites are present. Theoretically, in the peralkaline(-earth) field, aluminum atoms are stabilized in 
the tetrahedral position without forming higher coordinated species due to having enough Ca2+ ions 
for charge compensation of AlOTs. However, previous studies on 27Al MQ-MAS NMR confirmed that 
[Stebbins et al. (2000), Neuville et al. (2007, 2004)], less than 10% of highly coordinated AlⅤ and Al
Ⅵ were observed even for percalcic CAS glasses. This counterintuitive conclusion is further indicated 
by the 27Al MAS NMR results for the present samples. 
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3.3. Raman spectra of calcium aluminosilicate glasses and melts 
The glasses and their molten state Raman spectra of all the six samples recorded at 1823K are 
respectively illustrated in Figure 4 (a) and (b). For the room temperature Raman spectra of glasses, 
alumina-free CAS0 glass can be roughly distinguished into three regions. For the low-frequency 
range between 200-400 cm-1, the vibration caused by modifier cations (Ca-O), which can mainly be 
associated with the lattice vibrations of the skeleton or framework with a broad band centered near 
350 cm-1, reflects the long-distance order of the structure. Its relative intensity decreases significantly 
with the addition of Al2O3 until it vanishes completely at x ≥ 18, which indicates that the disorder 
degree of the silicate network increased violently, and the remaining ordered region of the glassy 
structure disappeared completely at x ≥ 18. The intermediate frequency range of 400-800 cm-1 
corresponds to the symmetric bending vibration of the Si-Ob-Si linkages in silicate. For the CAS0 
glass, a strong band at 622 cm-1 appears, which is assigned to the bending vibrations of Si-Ob-Si 
linkages. With increasing Al2O3 content, the relative intensity decreases sharply and disappears at x 
> 18. Correspondingly, a new large band grows at 570 cm-1 with a shoulder near 508 cm-1, which 
reflects the motions of bridging oxygen in T-Ob-T linkages (T = Si or Al). 
The high-frequency range 800-1200 cm-1 is the most informative Raman characteristic band with the 
strongest relative intensity. Mysen et al. (1994) testified that the band in this region belongs to the 
symmetric stretching vibration of Si-Onb, which is the sum of various Qi species centered on SiOTs 
with diverse connections, reflecting the significant microstructural characteristics of aluminosilicates. 
Compared with the Raman spectra of glasses, the vibrational bands of Raman spectra of melt exhibit 
pronounced flattening, along with the broadening of linewidth, due to the introduction of 
anharmonicity and dynamic disorder resulting from the elevated temperature. Additionally, three 
major spectral ranges can be distinguished: a low wavenumber range spanning 200-400 cm-1 
associated with external vibrations involving modifier cations and certain (coupled) deformation 
modes; an intermediate wavenumber range spanning 400-700 cm-1, indicative of bending vibrations 
of T-O-T. In the high wavenumber range from 700 to 1200 cm-1, corresponding to the symmetric 
stretching vibrations of T-Onb bonds, it is noteworthy that the vibrational intensity of Al-Onb within the 
700-800 cm-1 range can be disregarded due to their significantly lower intensity compared to Si-Onb 
vibrations. 

Figure 4. Original Raman spectra of CASx (x = 0, 6, 12, 18, 24, 30): (a) Glasses, and (b) Melts recorded at 
1823 K. 

3.4. Quantitative analysis of calcium aluminosilicate glasses and melts 
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Regarding the deconvolution in the high-frequency range (800-1200 cm-1), it should be noted that 
the original experimental spectra must be calibrated while applying the results of the QC ab initio 
calculation in the experimental quantitative analysis of aluminosilicate microstructure units, including 
the temperature correction by the Bose-Einstein factor and frequency correction by the excitation 
sources[You et al. (2005), Gong et al. (2022), Ma et al. (2020)]. 
As mentioned above, RSCS is a significant correction coefficient that concatenates the ratio of 
Raman peak intensity and the concentration of microstructure species. Therefore, to obtain the 
microstructure contents of calcium aluminosilicates, Eq. (2) was used to correct the frequency in the 
original Raman spectra. 

( )( )
( )

f xI x
g x

=                                                                                                                   (2) 

where I(x) is the corrected Raman intensity, f(x) is the original Raman intensity, and g(x) is the 
functional relationship between the RSCS and wavenumber, which was obtained by considering the 
relationships between wavenumber-SIT (Figure 2 (a)) and RSCS-SIT (Figure 2 (b)) relationships. 
Figure 5 (a) and (d) shows the calibration procedure of the original Raman spectra for CASx (x = 0, 
6, 12, 18, 24, 30) glass and melt by taking CAS18 sample as a case, in which a significant distinction 
is uncovered both in shape and peak positions. This is the result of Qi (n1h, n2q, n3t)

jklm  with different optical 

sensitivities, and the corrected curve can reflect the authentic Qi (n1h, n2q, n3t)
jklm  species contents. The 

delicate structures of glasses and melts are obtained by deconvolution of the corrected Raman 
spectra, as illustrated by the CAS18 sample in Figure 5 (b) and (e). In addition, the area percentage 
of Raman bands for Qi species was determined by summing up all 

1 2 3( , , )
jklm

i n h n q n tQ  units with the same 
BO number i together, and it has been shown in Figure 5 (c) and (f). The area percentage of the 
calibrated Raman bands assigned to Qi species from 800 to 1200 cm-1 was proportional to the 
abundance of different Qi species. In summary, the aforementioned processing techniques for 
Raman spectra of glasses and melts, encompassing the calibration of original spectra and the 
meticulous deconvolution of microstructural constituents, facilitate a more rigorous assessment of 
the distribution of Qi species within the aluminosilicate system. 

Figure 5. Quantification process of Raman spectra for CAS18 glass (a)-(c) and their corresponding melts (d)-
(f). Specifically, (a) and (d): Calibration of the original Raman spectra, (b) and (e): Deconvolution of the 
calibrated spectrum with delicate 

1 2 3( , , )
jklm

i n h n q n tQ  species, (c) and (f): Distribution of primary Qi species obtained 

by summing up all the area of delicate 
1 2 3( , , )

jklm
i n h n q n tQ  units with the same BO number i.  
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The quantitative distribution of primary structures Qi (i = 0, 1, 2, 3, 4) of glasses and melts as a 
function of Al2O3 concentrations is depicted in Figure 6. It shows that the distribution trend of Qi 
species in melts is similar to that in glasses, albeit with differences in relative abundances and the 
continuity of variation. In detail of evolution, both Q1 and Q2 decrease with increasing alumina 
content, while fully polymerized Q4 exhibits a sustained and drastic augmentation across the entire 
compositions range. Meanwhile, Q3 demonstrates a downward convex trend, increasing initially with 
alumina content up to 12-18 mole%, and decreasing with further alumina additions. Besides, a 
minimal amount of Q0 is detected in all vitreous and melting samples. The fluctuation in Qi 
distribution, corresponding to varying Al2O3 content, attests to the introduction of aluminum, resulting 
in increased network complexity and connectivity. This outcome is attributed to the preferential 
consumption of Ca2+ ions by AlOTs to achieve charge equilibrium. On the other hand, it displays the 
richer abundance of Q2 and Q4 species in melts than that in glasses, while less Q3 species was 
observed in melts. This intriguing phenomenon suggests a potential reaction of 2 4 3Q Q Q+ → , taking 
place during the transformation of the samples from a molten to a vitreous state. It elucidates the 
propensity for phase separation within the molten state, while the glassification process leans 
towards the amalgamation of microstructure species. 

Figure 6. The quantitative distribution of primary Qi (i = 0-4) species with the increase of Al2O3 content 
determined by Raman spectroscopy in calcium aluminosilicate melts (solid line) and glasses (dashed line). 

The distribution of Qi species in both the glasses and melts highlights a significant convergence in 
their microstructures, indicating that the melts effectively retain partial microstructure characteristics 
during the rapid quenching process. Obviously, this is primarily attributed to the utilization of the ADL 
furnace for sample preparation in this study, which enables the attainment of sufficiently rapid cooling 
rates. However, it should be emphasized that noticeable disparities in microstructures are anticipated 
between glasses obtained through slower cooling rates and their corresponding melts. In such 
cases, conducting in situ high temperature Raman spectroscopy directly on the molten state 
becomes of paramount significance. 

3.5. Relationship between microstructural features and viscosity in calcium 
aluminosilicate melts 
In order to obtain reliable viscosity data, the Urbain model was selected for viscosity prediction of 
CAS samples. The Urbain model, a widely used slag viscosity models in ternary CAS system, relies 
on WF (Weymann-Frenkel) equation to establish the relationship between compositionally 
dependent parameters A and B. These parameters are categorized based on the constituents into 
glass former, modifiers, and amphoterics [Urbain et al. (1987, 1982)]. 
Figure 7 depicts the predicted viscosity values of six calcium aluminosilicate melts at 1823 K by the 
Urbain model. Meanwhile, six experimental data are given, which have different alumina contents 
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with fixed ratio CaO/SiO2 of 1, measured by Zhang et al. (2013), Kou et al. (1978) and Danek et al. 
(1985) at 1823 K. The graph illustrates a notable agreement between the estimated viscosities and 
the experimental viscosities, performing a highly consistent trend with increase of alumina. A nearly 
linear increment is exposed when adding alumina from 0 to 18 mole%, followed by a gradual 
deceleration in viscosity growth with further increases in alumina content. 

Figure 7. Viscosity values as a function of Al2O3 content in calcium aluminosilicate melts at 1823 K. The blue 
half-solid line presents viscosity values estimated by employing Urbain model, which lacks corresponding 
experimental viscosity data with the identical composition and temperature. The green and orange dashed 
dotted line and black icon are experimental values collected from the reference [Zhang et al. (2013), Kou et al. 
(1978) and Danek et al. (1985)]. 

In order to gain insight into the viscosity change mechanism, it is significant to correlate the structure 
evolution with composition variations. Previous studies have manifested that diverse Qi species exert 
individual influence on viscosity [Gong et al. (2022), Park et al. (2013)]. Therefore, it is conceivable 
to assume that the viscosity variations accompanying the increase in Al2O3 content are intricately 
related to the distribution of Qi species. As delineated in Figure. 5, for the alumina content is below 
12-18 mole%, a monotonic reduction in the concentrations of Q1 and Q2 species is observed, 
concurrent with a continuous ascent in more highly connected species, such as Q3 and Q4. This shift 
in distribution precipitates a linear escalation in viscosity. Conversely, upon exceeding the 12-18 
mole% for alumina content, Q3 begins to diminish, while the monotonic trends of Q1, Q2, and Q4 
remain unabated. Moreover, it’s noteworthy that when x ≥ 18 mole%, the alumina avoidance 
parameter (AAP) exceeds 1, signifying the emergence of weaker AlⅣ-Ob-AlⅣ bond, which supplants 
Si-Qb bonds [Zhang et al. (2013)]. These two interplaying factors collectively contribute to a gradual 
deceleration in the increase of viscosity. 
To further ascertain the structural effects on viscosity and establish the quantitative correlation 
between them, the degree of polymerization (DOP) of network was evaluated which has been borne 
out a higher DOP tended to induce a higher viscosity in silicate. The DOP is typically quantified by 
assessing the average number of NBO per coordinated network-forming atom, denoted as NBO/T 
(T represents the total number of SiOT and AlOT units in the aluminosilicate system). In detail, the 
value of NBO/T can be obtained by Eq. 3. 

( )
2

2 2 3

4

0
4

/
2 IV

iSiO Qi

SiO Al O Al

n i X
NBO T

n n X
=

−
=

+
∑                                                                                     (3) 
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Figure 8 shows the calculation results of NBO/T of melts by using Raman deconvolution results, as 
a function of alumina content. For contrastive analysis, the values of NBO/T of glasses is presented 
in Figure 8. As anticipated, both NBO/T types exhibit a gradual decline with the addition of alumina, 
evidencing a strengthening of network connectivity. Notably, even though the Qi distribution between 
the glass and corresponding melt exhibits noticeable disparities, the DOP between the two remains 
virtually identical, with no discernible differences. This can be attributed to the collective effect of 
various Qi species. 

Figure 8. The variation of NBO/T of melts and glasses with adding of alumina. 

Figure 9. The quantitative linear relationship between the logarithm of viscosities and NBO/T of melts. The 
blue icon presents viscosity values obtained by Urbain model at 1823 K and red line is the corresponding fitting 
curve with the function of ( )log ( ) 0.43 / 0.31Pa s NBO Tη ⋅ = − +  

Figure 9 shows the linear fitting results of the logarithm of viscosity and NBO/T of melts at 1823 K. 
As can be seen, with increasing NBO/T which means that the DOP of melts decreases, the logarithm 
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of viscosity progressively decreases, which is in accordance with the above analyses. The negative 
functional relationship between them can be expressed mathematically as Eq. 4: 

( )log ( ) 0.43 / 0.31Pa s NBO Tη ⋅ = − +                                                                                 (4) 

With the coefficient of determination R2 of 0.98. In previous studies, Wu et al. (2015) established a 
robust correlation between the logarithm of viscosity and NBO/T of CaO-SiO2 system by Molecular 
dynamics simulation method. But for CaO-Al2O3 system, the fitting result was deemed inadequate 
due to the amphoteric nature of alumina, resulting in the more complicated structure. In our present 
work, an overall remarkable linear correlation is exhibited between the logarithm of viscosity and the 
experimentally determined NBO/T of melts, which clearly demonstrates the quantitative relationship 
of them. 

4. CONCLUSIONS 
The microstructure characteristics and viscosity behavior of CaO-SiO2-based melts at 1823 K were 
investigated by incorporating varying Al2O3 contents from 0 to 30 mole%. By considering the 
influence of aluminum, alongside calibrations for temperature and RSCS, a refined deconvolution of 
Raman spectra for CAS glasses and melts have been achieved. Comparative analysis reveals a 
congruence in Qi distribution trends between rapidly quenched glass and corresponding melts, 
implying that a higher cooling rate during glass formation may effectively conserve the in situ 
structural characteristics of the melts, and the evolution of Qi conveyed a monotonic augmentation 
in the DOP across the entire compositional range. Yet, notable discrepancies are also observed, 
especially for Q2, Q3, and Q4 species, with a potential 2 4 3Q Q Q+ →  reaction seems to transpire 
during the shift from a molten to a vitreous state. 
Further exploration of the relationship between composition, microstructure, and viscosity was 
conducted within the defined compositional range of CAS melts. The results revealed a gradual 
increase in viscosity with the addition of alumina, displaying a progressively leveling off nonlinear 
trend. However, a robust linear relationship was observed between the logarithm of viscosity and 
the DOP quantified by NBO/T. 
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