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Effect of FeO/SiO2 Ratio, Al2O3, and CaO Content
on Viscosity and Ionic Structure in FeO–SiO2–Al2O3–
CaO–MgO–Cr2O3 Melts

JENNY ISAKSSON, ANTON ANDERSSON, ANDREAS LENNARTSSON,
FRANCIS GYAKWAA, QIFENG SHU, and CAISA SAMUELSSON

Pyrometallurgical copper extraction generates between 2.2 and 3.0 tons of slag per ton of
copper. Copper smelting slag usually contains between 1 and 2 wt pct Cu, resulting in a
substantial amount. Effective slag cleaning is critical to enhance copper recovery, often achieved
through settling where entrained droplets separate from the slag. Controlling slag viscosity is
vital, directly influencing the settling rate and overall efficiency. The literature has limited data
on the correlation between viscosity, ionic structure, and the molar ratio of (Al2O3+SiO2)/MO
(MO represents basic oxides) of iron silicate melts. This study investigates how FeO/SiO2 ratio
(1.08 and 1.25 at pct/at pct), CaO content (1.2 and 12 at pct), and Al2O3 content (1.4 or 5 at pct)
affect the viscosity and melt structure in a FeO–SiO2–Al2O3–CaO–MgO–Cr2O3 system. The
study was done by synthesizing the melts, followed by water granulation. The ionic structure
was analyzed using Raman spectroscopy, and the viscosity was measured using a
high-temperature rheometer. The findings reveal a correlation between melt structure and
viscosity, where the viscosity increased when the slag was more polymerized, having a higher
content of SiO2 and Al2O3. The study offers insights for optimizing slag properties in industrial
settings.
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I. INTRODUCTION

SLAG viscosity is a crucial physicochemical property
in pyrometallurgical metal extraction, influencing the
smelter efficiency by affecting the recovery of valuable
metals and the ease of tapping. Beyond slag tapping,
slag viscosity also plays a critical role in mass and heat
transfer,[1,2] furnace refractory life, freeze lining on a
water-cooled reactor,[3,4] and the efficiency of metal
droplets settling within the slag.[5] For example, higher
slag viscosity in the copper industry can lead to
prolonged tapping times and reduced recovery of
entrained copper droplets, highlighting the need for
precise control of this property.

During copper extraction, copper is distributed as
entrained droplets and dissolved copper within the slag
matrix.[6] The entrained droplets can be recovered
through slag-cleaning operations, such as settling pro-
cesses. In these processes, the droplets settle owing to the
higher specific gravity of copper/matte, accumulate at
the furnace bottom, and are subsequently recovered.
Effective control of slag viscosity enhances metal recov-
ery and ensures stable operations.
Copper smelting slag is typically fayalitic (Fe2SiO4),

primarily containing FeOx (x = 1.0–1.5) and SiO2, with
smaller amounts of Al2O3, CaO, MgO, and minor
elements like Cu, As, Sb, Sn, and Pb.[7–11] Due to
declining ore grades,[12] copper concentrates with higher
impurity levels and increased gangue content are being
utilized, introducing more Al2O3, CaO, and MgO into
the slag. Al2O3 may also enter the process through
recycling streams, such as waste electrical and electronic
equipment, contributing to increased Al2O3 content in
slag. The presence of these components influences the
slag properties, including viscosity.
Several factors influence the slag viscosity, including

temperature, atmosphere, composition, and melt struc-
ture. The structure of silicate-based melts is influenced by
three main factors: (i) the polymerization degree of the
silicate network, (ii) the fitting of certain cations likeAl3+,
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and (iii) the network-breaking role of cations such as
Ca2+ andMg2+.[13] Molten silicate oxide systems consist
of three-dimensional networks of [SiO4]

4� tetrahedra
where there are three types of oxygen: (1) bridging (O0),
(2) non-bridging (O1�), and (3) free (O2�).[14,15] The
gradual addition of basic oxides results in the progressive
breaking of the bridging oxygen and the formation of
non-bridging oxygen and, subsequently, free oxygen ions.
Disrupting the bond between oxygen and silicon
(Si–O–Si) results in smaller structural units in the melt,
making it less polymerized and lowering the viscosity due
to decreased internal friction.

Research on the effect of FeO/SiO2 ratio on the molten
slag viscosity has been conducted, showing significant
discrepancies. However, Chen et al.[16] compiled previous
studies and indicated a consistent trend: viscosity increases
continuously with increasing SiO2 content.[1,16–18] This
trend is attributed to the silicate structure, which becomes
depolymerized when the FeO/SiO2 ratio is increased,
forming simpler silicate units as FeO dissociates into
Fe2+ and O2�. The free oxygen ions break the bridging
oxygen in the silicate network, increasing the number of
non-bridging oxygen (NBO). Park et al.[19] examined the
effect of Fe/SiO2 ratio (wt pct/wt pct) on viscosity at a fixed
Al2O3 content in the ternary FeOt–Al2O3–SiO2 system.
The results showed that the viscosity decreased with
increasing Fe/SiO2 ratio from 0.95 to 2.0. The effect was
ascribed to decreased silicate sheets in the melt, forming
simpler, more depolymerized silicate structures.[19]

Wang et al.[20] studied the effect of the Fe/SiO2 ratio
(wt pct/wt/pct) ranging from 0.8 to 1.2 on the viscosity
of FeO–Fe2O3–SiO2–8 wt pct CaO–3 wt pct MgO–3 wt
pct Al2O3 melts, showing that the viscosity decreased
with an increasing ratio. At a fixed Fe/SiO2 ratio of 1.2,
the effect of Fe2O3 content (4–12 wt pct) on viscosity
was studied, showing that the viscosity increased as the
Fe2O3 content increased. At lower Fe/SiO2 ratios of 0.8
and 1.0, the viscosity showed minimum values at Fe2O3

content of 12 wt pct. Fourier transform infrared
spectroscopy (FTIR) and Raman spectroscopy showed
that an increasing Fe/SiO2 ratio results in a more
depolymerized network. A higher Fe2O3 content
decreased the polymerization degree at the lower Fe/
SiO2 ratios and increased the polymerization degree at
the higher Fe/SiO2 ratio of 1.2. The effect of Fe2O3 on
the melt structure and viscosity is explained by the
amphoteric behavior of Fe3+, which can be present in
the network-forming tetrahedral [FeO4] and the octa-
hedral network-breaking form [FeO6].

[20]

Moreover, significant work has also been done to
understand the effect of Al2O3 content on slag viscosity.
Mohri et al.[21] demonstrated that Al3+ increases melt
viscosity by binding [SiO4]

4- monomers, forming a
polymerized network structure in the ternary
N2O–Al2O3–SiO2 system. Kim et al.[22] reported a
similar trend in CaO–SiO2–MgO–FeO slags, where
viscosity increased with Al2O3 content at fixed basicity
and MgO content due to gradual polymerization.

Li et al.[23] further demonstrated the amphoteric
behavior of Al2O3 in a CaO–SiO2–Al2O3–MgO–FeO–
TiO2 system. The study showed that the viscosity
reached a maximum at 15 wt pct Al2O3 and then

decreased when increasing the Al2O3 content up to 18 wt
pct. The amphoteric behavior of Al2O3 was suggested to
depend primarily on the slag composition.[23] While
most studies have focused on calcium silicate-based slag
systems, Wang et al.[24] investigated the viscosity and
structure of secondary copper smelting slag in a
SiO2–FeO–Al2O3–Fe2O3–CaO–MgO system. It was
observed that the viscosity increased with the Al2O3

addition from 0 to 12 wt pct, suggesting that Al2O3 acts
as an acidic oxide in the slag system, increasing the
polymerization degree of the slag.[24] Chen et al.[25]

studied the viscosity of ferronickel smelting slag and
found that increasing the Al2O3 content raised the
viscosity due to the polymerization of the silicate
network. Additional studies have also focused on the
Al2O3 content in iron silicate melts, consistently sug-
gesting that viscosity increases with increasing Al2O3

content. However, many of these lack evaluations of the
corresponding slag structure.[26–28]

The ionic structure and amphoteric behavior of Al2O3

in silicate melts have been assigned to the coordination
of Al–O, as it can form both a tetrahedral (AlO4) and
octahedral (AlO6) structure. Al–O coordination would
be tetrahedral in alkaline silicate melts containing Al2O3

when the molar ratio of Al2O3/MO (MO represents
basic oxides like CaO, FeO, and MgO) is less than unity.
When the ratio exceeds unity, the cation would have an
octahedral coordination acting like a network
breaker.[29,30] The tetrahedral Al-unit can be incorpo-
rated into the silicate network, increasing the viscos-
ity.[29] Tetrahedral units of [AlO4]

5- carry a different
charge than the silicate tetrahedral [SiO4]

4�, necessitat-
ing the presence of cations to maintain charge bal-
ance.[31] For instance, structures such as [1/
2Ca(AlO4)]

4�, where Ca2+ ions must be close to the
Al3+ ion.
The effect of CaO addition on viscosity has been

extensively studied in iron silicate melts, with results
consistently showing that increasing the CaO content
reduces viscosity.[28,32–37] The underlying theory is
similar to FeO: CaO dissociates into Ca2+ and O2�,
with free oxygen breaking the bridging oxygen in the
silicate network, thus disrupting the structure and
reducing viscosity. Isaksson et al.[38] showed that mod-
ifying iron silicate slag with CaO at an industrial scale
reduces slag viscosity, increases the size of copper
droplets, and lowers copper solubility, thereby improv-
ing the recovery of copper in a settling process.
Building on this, the present study investigates the

influence of slag composition and ionic structure on the
viscosity of melts relevant to pyrometallurgical copper
extraction. High-temperature viscosity measurements
were performed on synthetic FeO–SiO2–Al2O3–
CaO–MgO–Cr2O3 melts, and the structure of granu-
lated samples with varying FeO/SiO2 ratios, Al2O3

content, and CaO content was analyzed using Raman
spectroscopy. Cr2O3 was included in the system to more
accurately reflect slag compositions encountered in the
pyrometallurgical extraction of copper. Chromium
comes into the process via electronic scrap and refrac-
tory dissolution and acts as a nucleation agent in the
slag, promoting the formation of chromium-rich
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spinels.[39,40] Solid phases influence the viscosity, which
increases with the volume of solids.[41–43] Incorporating
Cr2O3 was therefore deemed essential for accurately
reflecting the behavior of industrial slag viscosity.

The findings provide insights into the correlation
between slag composition, ionic structure, and viscosity.
These results have practical implications for improving
industrial pyrometallurgical operations, particularly in
optimizing slag handling and enhancing slag-cleaning
processes, such as settling.

II. EXPERIMENTAL

A. Sample Composition and Synthesis

The influence of composition on viscosity and slag
structure was estimated in a two-level full-factorial
design of experiments with the three factors Al2O3, CaO
content, and the FeO/SiO2 ratio. The planned compo-
sitions, FeO/SiO2 ratio, calculated liquidus temperature,
and NBO/T are shown in Table I. The liquidus
temperatures of the planned compositions were esti-
mated using the Equilib module of FactSage 8.2[45] and
the database GTOx. The calculations were performed in
equilibrium with Fe crucibles and by disregarding the
presence of a spinel phase (A(II)B(III)2O4). The samples
in the experimental matrix are labeled as L or H,
indicating whether the FeO/SiO2 ratio was at the lower
(L) or higher (H) level. For each numbered sample pair
(e.g., 1L and 1H), the FeO/SiO2 ratio varied while
keeping all other factors constant.

Except for the samples in the experimental matrix, a
triplicate sample was included, which was a center point
for the Al2O3 and CaO content and the FeO/SiO2 ratio.
However, the MgO content was higher than the remain-
ing samples (6.80 at pct), disqualifying it from being a
valid center point. The triplicate was synthesized and
analyzed to verify the robustness of the viscosity
measurements. The triplicate samples were analyzed in
the rheometer at the beginning, middle, and end of the
full-factorial design. In all samples in the experimental
design, MgO and Cr2O3 were included at a constant
level of 1.50 and 0.08 at pct, respectively.

The samples were synthesized using the reagent-grade
chemicals Fe, Fe2O3, SiO2, CaCO3, Al2O3, and Cr2O3.
The dry chemicals were mixed, packed in Fe crucibles
(>99.82 pct Fe), and melted in a Ruhstrat resis-
tance-heated furnace under an inert atmosphere, using
a gas mixture of N2 (99.996 pct) and Ar (99.999 pct)
with flow rates of 12 and 3 L/min, respectively. The Fe
crucibles were used during the synthesis to provide an
oxygen buffer to the system that would approach
Fe–FeO conditions.[44]

The material was heated at a rate of 10 K/min until
the temperature reached 100 K above the calculated
liquidus temperature. The melt was held isothermally
for one hour, removed manually from the furnace, and
tapped into water jets with tap water (flow rate of 1.1 L/
s). Andersson et al.[46] have published a more detailed
description of the granulation procedure. The chemical
composition of the samples was analyzed using a Philips
PW2606 X-ray fluorescence (XRF) instrument (Malvern
Panalytical, Malvern).
The analyzed chemical composition and FeO/SiO2

ratio are shown in Table II. The analyzed FeO/SiO2

ratios were higher than the target ratios of 1.08 and 1.25.
This discrepancy may be due to iron dissolution from
the crucible, matrix effects during XRF analysis, or a
combination of both factors. The chemical analysis was
used to assess the success of the synthesis.

B. Viscosity Measurements

The viscosity measurements of the samples were
performed using the rotating cylinder technique and a
Mo spindle and crucible (tzm molybdenum 364). The
rheometer system was an Anton Paar Furnace Rheome-
ter System (FRS 1800) (Anton Paar GmbH), Austria).
The temperature registered during the viscosity mea-
surements was measured with a B-type thermocouple
positioned in a hollow Al2O3 shaft holding the crucible,
approximately 5 mm from the bottom of the melt. Ar
(99.999 pct purity) was introduced into the furnace via
the crucible shaft, using a constant flow rate of 2.5 L/
min during the entire experiment. A previous study
comparing different crucible and spindle materials used
for viscosity measurements showed that the Fe2O3

content in slowly cooled samples increased from 4.1 to

Table I. Planned Sample Composition, Calculated Liquidus Temperature (Temp.) Disregarding the Presence of a Spinel Phase and

the FeO/SiO2 Ratio, and NBO/T

Sample

[K] [At. Pct/At. Pct] [At. Pct]

Liquidus Temp. FeO/SiO2 SiO2 FeO Al2O3 CaO MgO Cr2O3 NBO/T

1L 1486 1.08 45.99 49.83 1.40 1.20 1.50 0.08 2.10
2L 1395 1.08 44.27 47.95 5.00 1.20 1.50 0.08 1.68
3L 1401 1.08 40.81 44.21 1.40 12.00 1.50 0.08 2.58
4L 1366 1.08 39.08 42.34 5.00 12.00 1.50 0.08 2.07
1H 1443 1.25 42.59 53.23 1.40 1.20 1.50 0.08 2.40
2H 1409 1.25 40.99 51.23 5.00 1.20 1.50 0.08 1.92
3H 1411 1.25 37.79 47.23 1.40 12.00 1.50 0.08 2.92
4H 1368 1.25 36.19 45.23 5.00 12.00 1.50 0.08 2.33
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5.9 wt pct in a FetO–SiO2–Al2O3 system using a Mo
crucible and spindle.[47] The viscosity measurements
lasted approximately ten hours and used the same
experimental setup as in this study.[47] This indicates
that the oxidation of FeO to Fe2O3 is limited in the
experimental setup.

The measurements were started at the highest exper-
imental temperature of 1723 K (1450�C). The viscosity
was measured in a cooling cycle every 50 K from 1723 K
to 1423 K. Before each viscosity measurement at a new
temperature, the furnace was held at the target temper-
ature for at least 45 min, while the spindle was rotated at
a shear rate of 4 s�1 to ensure a homogeneous
temperature in the melt. A constant viscosity at a fixed
shear rate indicated that the melt had homogenized,
taking up to 1 h for some of the compositions at a
specific temperature. An automated program measured
the viscosity with different constant shear rates of 1, 2, 4,
8, and 16 s�1.

Notably, Mo was used as the spindle and crucible
material during the viscosity measurements, resulting in
the inevitable incorporation of Mo into the slag.
Post-experimental analysis revealed that the Mo content
in the samples ranged from 0.4 and 1.3 wt pct, with
higher levels observed in samples containing a higher
level of CaO. Given the relatively small percentage of
Mo, its effect on viscosity is assumed to be minor.

C. Raman Spectroscopy

A representative sample of each granulated melt was
milled using a ring mill. X-ray diffraction (XRD) was
used to estimate if the samples were amorphous before
being analyzed with Raman spectroscopy. The XRD
analysis was performed in a Malvern Panalytical
Empyrean X-ray diffractometer (Malvern Panalytical,
Malvern, U.K.) operating on copper Ka generated at 45
kV and 40 mA. The scans were performed in the 2h
ranges of 10–90 deg with a step size of 0.0130 deg 2h and
a scan time of 698 s per step. The diffractograms were
evaluated using HighScore + and the FIZ Karlsruhe
inorganic crystal structure database.

The milled samples were then analyzed using Raman
spectroscopy to determine the melt structure and the
influence of FeO/SiO2 ratio, Al2O3, and CaO. The
Raman spectra of samples were collected in the
100–1200 cm–1 spectral range by a confocal micro-Ra-
man spectrometer from B&W Tek (Plainsboro, U.S.)
with an excitation wavelength of 532 nm. The peak
identification at specific wavenumbers, used for Gaus-
sian deconvolution of Raman scattering data, was
performed using the Peakfit software. The spectra were
deconvolved by fitting the peaks corresponding to
vibrations of various structural units, employing Gaus-
sian line shapes.[48] Quantitative peak deconvolution
was conducted over the Raman shift range from 400 to
1200 cm�1. The full widths of half maximum (FWHM)
of various peaks were fixed to reduce the uncertainty of
deconvolution.

III. RESULTS AND DISCUSSION

A. Viscosity

The repeatability of the experimental setup was
evaluated by performing triplicate experiments labeled
T1–T3. The viscosity of the samples is plotted as a
function of temperature in Figure 1. The results demon-
strate good repeatability, with the standard deviation
not exceeding 3 pct of the average viscosity across the
triplicate measurements. Notably, the viscosity data
from the first and last experiments (T1 and T3) were
nearly identical. The standard deviation reflects the
combined error associated with synthesizing the samples
and conducting the viscosity measurements, as each
triplicate involved independently synthesized samples.
The viscosity measurements of all samples in the

experimental design across the entire temperature range
are shown in Figure 2. Overall, the viscosity increased
for each composition as the temperature decreased. At
higher temperatures, the increased kinetic energy in the
melt enhances the random motions of atoms and
molecules, facilitating particle migration and resulting
in lower viscosity.
As shown in Figure 2, the slopes of the viscosity-tem-

perature data were steeper at lower temperatures. For
example, in sample 1L (FeO/SiO2=1.08, CaO=1.2 at
pct, Al2O3=1.4 at pct), the slope becomes noticeably
steeper below 1573 K (highlighted with a circle in
Figure 2). This behavior is attributed to the formation of
solids in the melt when the temperature is below the
liquidus temperature, leading to an increased viscosity.
The formation of precipitated solids was further indi-
cated during the homogenization at new temperatures
during the viscosity measurements, as the viscosity
increased over time under a constant shear rate,
necessitating extended homogenization periods.
The sample with all factors at the lower level, 1L,

initially exhibited a lower viscosity than sample 2L
(Al2O3=5.0 at pct). However, below 1573 K, the
viscosity of sample 1L increased due to the formation
of solids, reaching values comparable to those of sample
2L, which had a higher Al2O3 content.
When the samples were fully liquid, the highest

viscosity was measured in sample 2L, with a FeO/SiO2

ratio of 1.08, low CaO, and high Al2O3 content. In
contrast, the lowest viscosity was recorded for sample
3H, which had a FeO/SiO2 ratio of 1.25, high CaO
content, and low Al2O3 content. The most significant
viscosity difference was observed between these two
opposing compositions. At 1573 K, the viscosity of
sample 3H was 0.10 Pa s, while it was 0.35 Pa s for
sample 2L, 3.5 times higher than that of sample 3H.
Table I shows the calculated ratio of the non-bridging

oxygen per tetrahedron (NBO/T) ratio[49] based on the
planned composition shown in Table I. The NBO/T for
the samples ranges from 1.68 to 2.92. When correlating
the NBO/T to the viscosity, it can be seen that the
viscosity generally decreases with increasing NBO/T of
the samples, indicating that more depolymerized slags
have a lower viscosity. For example, the sample with the
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highest viscosity has the lowest NBO/T of 1.68 and the
sample with the lowest viscosity has the highest NBO/T
of 2.92.

The viscosity data were plotted over the temperature
range from 1573 K to 1723 K, where all samples
appeared fully liquid, as shown in Figures 3(a) and (b).
Figure 3(a) shows the viscosity data for samples with a
low FeO/SiO2 ratio (labeled 1L–4L), while Figure 3(b)
shows the viscosity of samples with a high FeO/SiO2

ratio (labeled 1H–4H).
Evaluating the compositional factors individually, it

was concluded that CaO had the most significant impact
on viscosity in the given intervals, followed by the FeO/
SiO2 ratio, which both contributed to a lower viscosity.
The effect of CaO was more pronounced at the lower
FeO/SiO2 ratio (Figure 3(a)), as evidenced by comparing
the difference between the data series with the same
color in the figures. This can be attributed to the higher
number of Si–O–Si bonds in more polymerized melts
(lower FeO/SiO2 ratio), broken by the basic oxides like
CaO. At higher FeO/SiO2 ratios, both FeO and CaO act
as network breakers, potentially producing excess free
oxygen (O2�). No amphoteric behavior related to FeO

content was observed in the compositional ranges in the
current study. However, the Fe3+ content was not
analyzed in the samples. Pargamin et al.[50] studied the
repartition of Fe atoms between Fe2+ and Fe3+ and the
distribution of Fe3+ among octahedral and tetrahedral
sites in a CaO–SiO2–Fe2O3 system. The samples were
equilibrated in air at 1550�C before being quenched. The
content of Fe2+ and Fe3+ and the distribution of Fe3+

among octahedral and tetrahedral sites were analyzed
using Mössbauer spectroscopy. The results showed that
the ratio of tetrahedral coordinated Fe3+ over the sum
of tetrahedral and octahedral Fe3+ remained approxi-
mately unchanged at around 0.3 when the Fe2O3

content increased in the series when the basicity (wt
pct CaO/wt pct SiO2) was around 0.54.[50] This means
most of the Fe3+ was octahedrally coordinated, acting
as network modifiers. However, the basicity of this
study was higher than that of the present. Moreover, the
Fe3+ content is assumed to be lower in the present study
as the melts were synthesized in Fe crucibles in an inert

Table II. Analyzed Chemical Composition and FeO/SiO2 Ratio

Sample

[At. Pct/At. Pct] [At. Pct]

FeO/SiO2 SiO2 FeO Al2O3 CaO MgO Cr2O3

1L 1.2 43.9 51.2 2.0 1.3 1.5 0.1
2L 1.3 40.7 51.1 5.0 1.3 1.7 0.1
3L 1.1 39.4 44.8 2.0 12.0 1.6 0.1
4L 1.2 37.0 44.3 4.9 12.1 1.7 0.1
1H 1.4 40.2 54.9 2.0 1.3 1.5 0.1
2H 1.4 38.6 53.4 4.9 1.3 1.7 0.1
3H 1.3 36.7 47.8 1.9 12.0 1.5 0.1
4H 1.3 35.1 46.3 4.8 12.0 1.7 0.1

Fig. 1—Viscosity data of the triplicate in the temperature interval
from 1523 K to 1723 K.

Fig. 2—The viscosity data over the entire temperature interval (1423
K–1723 K). The samples marked with L have the lower FeO/SiO2

ratio (1.08 at. pct/at. pct), and those marked with H have the higher
(1.25 at. pct/at. pct).
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atmosphere. At the higher FeO/SiO2 ratio (1.25 wt pct/
wt pct), the Fe3+ content was expected to increase. The
viscosity measurements show that the viscosity
decreased with the increasing ratio; thus, most of the
Fe3+ was expected to be octahedrally coordinated.
However, this factor must be isolated and further
studied to be verified in the relevant melt system.

Silicate-containing melts have a disordered three-di-
mensional network of silicate tetrahedra in the form of
irregular rings and chains. These structures can deform
through the random motion of atoms and molecules.
However, the covalent bonds between the silicon and
oxygen atoms resist deformation, resulting in higher
viscosity in melts with high silica content. Adding
network-breaking oxides like CaO and FeO can disrupt

the bridging oxygen between the silicon atoms, resulting
in non-bridging oxygen and, thus, a more depolymerized
melt with a lower viscosity.
Previous studies have consistently demonstrated that

adding CaO reduces viscosity,[32–37] which supports this
study’s findings. From an industrial perspective, achiev-
ing a slag with low viscosity is advantageous. According
to this study, this can be accomplished by operating with
lower SiO2 additions to obtain a higher FeO/SiO2 ratio
and modifying the slag with CaO.
In contrast, the higher level of Al2O3 (5 at pct)

increased the viscosity in all samples. From Figures 3(a)
and (b), it can be seen that the effect of Al2O3 on the
viscosity was most pronounced when comparing the
viscosity data from samples 1L and 2L, as the absolute
difference of the viscosity between these samples is
largest, keeping all other parameter constants. The
explanation is that Al2O3 can act as a network-forming
oxide in the melt, meaning the increased Al2O3 content
increases the viscosity. When Al2O3 acts as a net-
work-forming oxide, it forms a tetrahedron ([AlO4]

�5),
incorporating the silicate network-forming Si–O–Al
bonds. These findings align with the study by Mostaghel
et al.,[26] which investigated the impact of Al2O3

additions on viscosity in an industrial iron silicate slag
with a FeO/SiO2 ratio similar to the lower one in this
study (1.08 at pct/at pct). The results also align with the
study by Wang et al.,[24] studying the effect of Al2O3 on
viscosity in systems with similar FeO/SiO2 ratios as the
lower level in this study but had constant CaO and MgO
contents of 8 wt pct and 3 wt pct, respectively. The
results showed an increase in viscosity corresponding to
higher Al2O3 content.

[24]

The compositional effect on viscosity was further
evaluated by comparing the relationship between the
molar ratio (at pct/at pct) of (Al2O3+SiO2)/MO (where
MO is the basic oxides CaO, MgO, and FeO) and the
viscosity at 1723 K, shown in Figure 4(a). The calculated
ratio was separately based on the planned and analyzed
melt composition. Figure 4(a) shows a linear relation-
ship between the (Al2O3+SiO2)/MO ratio and viscosity,
with R2 values of 0.92 and 0.97 for the analyzed and
planned compositions, respectively. The main difference
between the planned and analyzed compositions is the
FeO/SiO2 ratio, which was higher than expected in the
analyzed samples. This discrepancy may be due to
matrix effects during XRF analysis. Based on the XRF
analysis, the FeO/SiO2 ratio of 2L (the sample with the
highest viscosity) was higher than expected, which
decreases the calculated ratio, resulting in a deviation
from the linear trend. However, a good linear fit
(R2 = 0.97) is obtained between the planned composi-
tion and the viscosity, indicating that Al2O3 and SiO2

act as network-forming oxides in the melts, polymeriz-
ing the melt and, thus, increasing the viscosity.
Additionally, the effect of Al2O3 on viscosity was

compared by calculating the ratio of the viscosity (g) for

samples with higher and lower Al2O3 content
gAl2O3 :H

gAl2O3 :L

� �
,

shown in Figure 4(b). When comparing the viscosity
ratio over the temperature range from 1723 K to 1523 K
in Figure 4(b), it was observed that viscosity increased

Fig. 3—The viscosity data in the temperature range from 1573 K to
1723 K. The samples marked with L have the lower FeO/SiO2 ratio
(1.08 at. pct/at. pct), and those marked with H have the higher (1.25
at. pct/at. pct). Al2O3:L equals a content of 1.4 at. pct, and Al2O3:H
equals 5.0 at. pct. CaO:L equals 1.2 at. pct, and CaO:H equals 12
at. pct.
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by 21 to 22 pct at 1723 K when the Al2O3 content was
higher, with all other factors kept constant. However,
for the ratio of 4H over 3H, the increase in viscosity was
more pronounced, reaching 32 pct at 1723 K and
increased as the temperature decreased. The highest
ratio at 1523 K is explained by solids formed in 4H,
significantly increasing the viscosity.

Park et al.[19] demonstrated the amphoteric behavior of
Al2O3 while examining the influence of Al2O3 content (at
a fixed Fe/SiO2 ratio) on viscosity in a FeOt–Al2O3–SiO2

system. The results indicated an initial decrease in
viscosity with increasing Al2O3, reaching a minimum
before increasing at higher Al2O3 concentrations. This
behavior was attributed to the amphoteric behavior of
Al2O3,wherein it initially acts as abasic oxide and shifts to
an acidic oxide as slag composition changes.[19]

The amphoteric behavior of Al2O3 is related to the
coordination of Al3+ in an octahedral or tetrahedral
structure.[29,30] McMillan et al.[51,52] and Poe et al.[53,54]

presented that the coordination number of Al3+ is

correlated to the Ca/Al ratio in a CaO–Al2O3 system
because of the role of Ca2+ as a charge compensator to
the tetrahedrally coordinated aluminum ([AlO4]

�5). In
the current study, no amphoteric behavior of Al2O3

could be distinguished; however, it acts as a more
vigorous acid when the melts are more depolymerized.
This can be explained by the charge compensator effect
of the basic oxides Ca2+, making it possible for Al2O3 to
form AlO4-tetrahedrons to a more significant extent in
the melt. However, this cannot be verified with only two
levels of Al2O3, as in this study.

B. Activation Energy of Flow

The viscosity of liquids is well known to decrease with
increasing temperature.[16,55,56] The temperature depen-
dence of the viscosity for a given melt composition can
be described by an Arrhenius-type relationship,[57]

shown in Eq. [1].

g ¼ Aexp
Ea

RT

� �
; ½1�

where g is the viscosity in Pa s, A is the pre-exponential
factor (Pa s), Ea is the activation energy of flow in J/mol,
T is the absolute temperature in K, and R is the gas con-
stant (8.341 J/mol K). If the melt follows this relation-
ship, the natural logarithm of the viscosity (ln gð Þ) versus
the reciprocal of temperature gives a linear relationship,
and the slope of the line reflects the activation energy.
The activation energy for viscous flow is considered to

be the energy required to break the bonds necessary for
movement. Consequently, it reflects the effect of struc-
ture on physical properties.[13,18] A linear relationship of
the measured data indicates that the material has been
fully liquid and that the melt follows an Arrhenius
behavior. Deviations from a linear system may be due to
precipitated solids in the melt. Roscoe developed a
well-known model based on Einstein’s approach, the
Einstein-Roscoe equation, which describes the viscosity
of melts with solid particles,[41,42,58] showing that the
melt viscosity increases when solids are present. Addi-
tionally, the melt composition changes when solids
form, affecting the viscosity.
ln gð Þ was plotted against 1/T in the temperature range

where the samples remained liquid, resulting in R2

values between 0.9980 and 0.9999. The liquidus area was
estimated by determining where the data deviated from
a linear fit.[52] The values for the activation energy
highlight the structural changes with temperature.
Table III presents the samples’ activation energy and
pre-exponential factor.
The activation energy plotted against the NBO/T is

shown in Figure 5(a). In general, it is shown that the
activation energy decreases with increasing NBO/T in
both series with different FeO/SiO2 ratios. The sample
with the highest activation energy was 2L, and the
sample with the lowest was 3H. Notably, these samples
had the highest and lowest viscosity at all temperatures
and the lowest and highest NBO/T, respectively, sug-
gesting that more polymerized slags are more sensitive
to temperature changes.

Fig. 4—(a) The correlation between (Al2O3+SiO2)/MO and viscosity
at 1723 K and (b) the ratio of viscosities for samples with higher and
lower Al2O3 content.
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When evaluating the activation energy and the effect
of individual parameters, it can be seen that the samples
with a FeO/SiO2 ratio of 1.25 had lower activation
energy than the samples with the same composition but
a FeO/SiO2 ratio of 1.08, the same trend was seen for the

CaO content where those with a high CaO content (12 at
pct) had lower activation energy. This indicates that a
higher FeO/SiO2 ratio and CaO content decrease the
energy barrier for viscous flow by depolymerizing the
melt. As shown by Choi et al.[59] the activation energy
decreases when the FeO content increases due to a
change in the flow unit, which goes from Si–O–Si to
Fe–O–Si and Fe–O–Fe. The activation energy calcu-
lated by Wang et al.[20] in a FeO–Fe2O3–SiO2–8 wt pct
CaO–3 wt pct MgO–3 wt pct Al2O3 system with varying
Fe/SiO2 ratios (wt pct/wt pct) of 0.8, 1.0, and 1.2
decreased with increasing Fe/SiO2 ratio. The activation
energy of the sample with a Fe/SiO2 ratio of 1.2 and a
Fe2O3 content of 4 wt pct equaled 112.4 kJ/mol,[20]

comparable with sample 1H in this study.
Earlier studies by Choi et al.[60] have shown that the

activation energy decreases with increasing FetO content
before reaching a constant value in a CaO–SiO2–
FetO–10 wt pct Al2O3–10 wt pct MgO–10 wt pct MnO
with basicities (wt pct CaO/wt pct SiO2) between 0.6 and
0.8. The dependency of FetO on the activation energy
was suggested to be due to a change in the viscous flow
unit according to the primary phase that changed from
melilite, olivine, spinel, and monoxide at the highest
FetO contents.[60]

For the present study, the basicity was at its highest,
close to 0.3 for the samples with a higher CaO content
and near 0.03 for those with a lower. According to the
FactSage calculations, the primary phase crystallized
was cristobalite for 1L, a spinel phase for 2L and 2H,
and olivine for the remaining samples. The diffrac-
tograms in Figure 6 indicate the presence of cristobalite
(SiO2) in 1L and 2H, wüstite (FeO) in 4L, and a spinel
phase in 3H and 4H. However, only a few peaks were
identified, indicating the samples were nearly
amorphous.
Figure 5(b) shows the activation energy as a function

of the FeO and CaO content in the planned composition
shown in Table I. The figure shows that the activation
energy decreases when the content of FeO and CaO
increases, with a shift to lower activation energies when
the FeO/SiO2 ratio is higher. Adding the basic oxides
FeO and CaO to the slag decreased the activation energy
and, thus, temperature dependence, as Fe and Ca
gradually change the amount of Si–O–Si and Si–O–Al
bonds to Fe(Ca)–O–Si (olivine) and Fe–O–Fe(Al)
(spinel phase) and possibly to Fe–O bonds (monoxide)
for 4L. When the FeO+CaO content reaches above 57
at pct, the activation energy is indicated to reach a
constant value. However, this needs to be studied

Table III. Activation Energy, Material Constant, R2 Value

Sample Activation Energy, Ea [kJ/mol] (Temperature Range ± 3 K) Pre-exponential Factor, A [10�5 Pa s] R2

1L 115.8 (1723–1573) 4.01 0.9990
2L 123.0 (1723–1473) 2.26 0.9992
3L 110.5 (1723–1523) 3.27 0.9991
4L 112.8 (1723–1523) 3.35 0.9982
1H 104.3 (1723–1523) 6.13 0.9999
2H 111.7 (1723–1473) 4.37 0.9992
3H 100.7 (1723–1473) 4.77 0.9980
4H 101.3 (1723–1573) 6.15 0.9994

Fig. 5—Activation energy plotted against the (a) NBO/T and (b)
FeO and CaO content.
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further, including additional compositions. The effect of
CaO, decreasing the activation energy, was more signif-
icant when the FeO/SiO2 ratio was lower, meaning that
the CaO is a more efficient network breaker when the
slag is more polymerized. Regarding the FeO/SiO2 ratio
and the CaO content, the FeO/SiO2 ratio has a more
prominent effect on the activation energy in the given
intervals.

Opposite to this, the higher Al2O3 content (5 at pct)
increased the activation energy. These results reflect the
correlation between the activation energy and the
structure of the melt, where a melt with a higher
polymerization degree (NBO/T) is more sensitive to
temperature changes. The effect of Al2O3 is in accor-
dance with the study by Wang et al.[24]; however, the
activation energy calculated in that study was higher,
ranging from 119.45 to 155.30 kJ/mol (0–12 wt pct
Al2O3), which can be explained by the wider tempera-
ture range down to 1400 K. Additionally, the study
suggested that the melts became more polymerized with
an increasing Al2O3 content.

[24]

The effect of Al2O3, increasing the activation energy,
is higher when the CaO content is lower. This can be
seen by comparing, e.g., 1L and 2L with 3L and 4L,
where 1L and 2L have a lower CaO content and 2L and
4L have a higher Al2O3 content. In both FeO/SiO2

series, the effect of Al2O3 on activation energy is more
pronounced when the CaO content is lower. This is
strengthened by evaluating the three samples, 3L, 4L,
and 2H, with a similar activation energy of 110.5, 112.8,
and 111.7, respectively. Samples 3L and 4L have a
higher level of CaO and lower FeO/SiO2 ratio; the
difference in composition is the Al2O3 content, implying
that a more depolymerized melt is less sensitive to Al2O3

additions, referring to activation energy. Sample 2H has
a high ratio of FeO/SiO2, depolymerizing the melt, and a
higher level of Al2O3, polymerizing the melt and

increasing the activation energy. Thermal heat breaks
the bond between the Si–O–Si, decreasing viscosity
when temperature increases. Al2O3 can absorb O2– in
the melt to form a tetrahedral structure, [AlO4]

5�,
embedded in the silicate network structure, forming
Si–O–Al bonds, resulting in a more viscous polymerized
melt, making it more sensitive to temperature changes.

C. Raman Spectroscopy

The diffractograms of the milled water-granulated
samples are presented in Figure 6. The XRD analysis
confirmed that the materials were predominantly amor-
phous. However, in samples 1L and 2H, a peak
corresponding to cristobalite was detected, and in
sample 4L, peaks corresponding to wüstite were
detected. Sample 1L was the sample with the highest
calculated liquidus temperature of 1486 K, meaning the
granulation temperature was 1586 K. According to the
viscosity measurements, the lowest temperature that still
followed the Arrhenius relationship was 1573 K, which
was relatively close to the granulation temperature,
meaning that the cristobalite particles could have
precipitated during the granulation and cooling of the
samples. Peaks could also be present in sample 3L.
However, it was inconclusive to determine if there were
peaks or noise from the measurement.
In samples 3H and 4H, peaks corresponding to spinel

were detected. Ion migration is related to energy barriers
to crystallization.[61] The viscosities of the melts indi-
rectly assess the differences in the degree of polymeriza-
tion and ion mobility, whereas melts with lower viscosity
have higher ion mobility. 3H and 4H were the samples
with the lowest measured viscosity at all temperatures.
This could explain why a crystalline phase was detected
in these samples after water granulation, even if the
experimental temperature before granulation was above
the calculated liquidus temperature.

Fig. 6—Diffractograms of the water-granulated samples (a) 1L–4L and (b) 1H–4H.
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The Raman spectra were analyzed to characterize the
water-granulated structure of the samples. Sharp peaks
were found in the Raman spectra, possibly due to the
residue crystalline phases in the water-granulated sam-
ples. The collected Raman spectra had envelopes in the
medium frequency range (400–800 cm�1) and high
frequency (800–1200 cm�1).

The Raman bands within medium frequency corre-
spond to the bending vibration of the oxygen bridge
Si(Fe)–O–Si(Fe). Iron is a multivalent element, which
can have different coordination numbers in glass
depending on the composition, atmosphere, and tem-
perature.[62] Since FeO is the main iron species, as
expected from the sample preparation, it is considered
that the quantity of 4-coordinated iron (tetrahedral)
existing in the glass structure is limited and that FeO
mainly acts as a network-breaking oxide (6-coordinated
structure),[63] which also was indicated by the viscosity
measurements. The Si–O–Si oxygen bridge could be
dominant. However, the medium-frequency bands could
also represent Al–O–Si oxygen bridging for samples
with higher alumina content.

The high-frequency Raman bands represent the
stretching vibration of various silicate structural units
with the number of bridging oxygens from 0 to 3. The
high-frequency envelopes were deconvoluted into indi-
vidual bands by assuming a Gaussian line shape. This
study adopts Qn to represent the structural unit of the
symmetric stretching band of ([SiO4]

4�) tetrahedra,
where n represents the number of bridging oxygen in
the tetrahedra. Qn is generally available in the silicate
structure as monomer silicate units (Q0), dimer silicate
units (Q1), chain-like silicate structures (Q2), and sheet-
like silicate structures (Q3). It should be mentioned that
Al and Fe could also be incorporated into the silicate
network if they exist in tetrahedral coordination.[63] The
Qns presented here are considered structural units with
4-coordinated Si, Al, and Fe at the center.
The high-frequency envelope can be deconvolved by

the bands from stretching vibrations of Q0 (monomers)
with a Raman shift of 810–830 cm�1,[48,64–66] Q1

(dimers) with a Raman shift 880–910 cm�1, Q2 (chains)
with a Raman Shift 970–990 cm�1, and Q3 (rings) with a
Raman shift 1030–1060 cm�1.[48,64–71]

Fig. 7—Deconvoluted Raman spectra of samples with a low FeO/SiO2 ratio (1.08), showing: (a) 1L—all factors low levels, (b) 2L—low CaO and
high Al2O3, (c) 3L—high CaO and low Al2O3, and (d) 4H—high CaO and Al2O3 high.
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The deconvolution results of samples 1L–4L are
shown in Figures 7(a)–(d), and the deconvolution results
of 1H–4H are shown in Figures 8(a)–(d). The integrated
area of Qn peaks can be used to calculate the number of
structural units in the samples. The areas of individual
peaks were calculated from the deconvolution plots, and

the relative area fractions of Q0, Q1, Q2, and Q3 are
shown in Table IV. Q0 and Q1 are the most abundant
structural units in the samples, which means that the
silicate network in the melt structure of the samples was
largely depolymerized and mainly consisted of monomer
silicate units ([SiO4]

4�) and dimer silicate units
([Si2O7]

�6). Melts dominated by Q0 and Q1 have a
lower viscosity than those dominated by more polymer-
ized structures, such as Q2 and Q3, meaning they contain
smaller structural units directly linked to the viscosity.
Q0/Q1 ratios for various samples illustrate the varia-

tion of depolymerization in the structure of melts with
composition and are also listed in Table IV. The effects
of FeO/SiO2 ratios and the contents of CaO and Al2O3

on the melt structures were evaluated by analyzing the
calculated Q0/Q1 ratios, providing insight into the
distribution of the depolymerization of the silicate
network. The samples with the same number but
different letters can be compared to determine the effect
of the FeO/SiO2 ratio, showing that a higher FeO/SiO2

ratio leads to higher Q0/Q1 ratios and, thus, a more
depolymerized melt. For example, the Q0/Q1 ratios
increased from 1.44 in 1L (low FeO/SiO2 ratio) to 1.61
in 1H (high FeO/SiO2 ratio), indicating that the 1H was

Fig. 8—Deconvoluted Raman spectra of samples with a high FeO/SiO2 ratio (1.25), showing: (a) 1L—all factors low levels, (b) 2L—low CaO
and high Al2O3, (c) 3L—high CaO and low Al2O3, and (d) 4H—high CaO and Al2O3 high.

Table IV. Relative Area Fractions of Q
0
, Q

1
, Q

2
, and Q

3

that Were Obtained from the Deconvoluted Raman Spectra

and the Calculated Q0/Q1 Ratios

Sample

Relative Area Fractions

Q0 Q1 Q2 Q3 Q0/Q1

1L 0.42 0.29 0.13 0.16 1.44
2L 0.42 0.28 0.14 0.16 1.48
3L 0.46 0.23 0.12 0.18 1.97
4L 0.49 0.23 0.08 0.19 2.11
1H 0.43 0.27 0.13 0.17 1.61
2H 0.43 0.26 0.15 0.16 1.64
3H 0.51 0.24 0.09 0.16 2.08
4H 0.50 0.23 0.10 0.18 2.19
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more depolymerized. The effect of the FeO/SiO2 ratio
on the depolymerization of the melt was in accordance
with the study by Wang et al.[20] who studied the effect
of Fe/SiO2 and Fe2O3 contents on viscous flow and slag
structure. The study showed that increasing the Fe/SiO2

ratio resulted in a less polymerized silicate network
structure. FeO dissociates, forming Fe2+ and free
oxygen, breaking the Si–O–Si bond in the dimer
structure and forming a melt richer in the completely
depolymerized silicate monomer.

The Q0/Q1 ratios can be correlated to the viscosity
flow, where the samples with a higher FeO/SiO2 had a
significantly lower viscosity. These correlations confirm
that a higher FeO/SiO2 ratio leads to a more depoly-
merized melt, decreasing the viscosity. The bond
between silicon and oxygen is covalent, which is
relatively resistant to motions; breaking this bond means
that the internal friction in the material decreases,
leading to lower viscosity and activation energy.

Samples 3 and 4 (both L and H) have higher CaO
contents than samples 1 and 2 (L and H). Table IV
shows that the Q0/Q1 ratios for samples with a high CaO
content are significantly higher than those with a low
CaO content. For example, 1L and 3L have the same
composition besides the CaO content, which was higher
in 3L. The Q0/Q1 ratio increases from 1.44 in 1L to 1.97
in 3L, indicating that the melt was more depolymerized
in 3L. This confirms that CaO behaves as a net-
work-modifying oxide that depolymerizes the network
structure. The effect of the depolymerization was also
confirmed by the viscosity measurements, where the
sample with higher CaO content had a lower viscosity.

For Al2O3, the content is higher in the even samples (2
and 4); when comparing the Q0/Q1 ratios, it indicates
that Al2O3 (up to 5 at pct) has a minor effect on the
structure of the melt. However, the Q0/Q1 ratios were
consistently higher when the Al2O3 content was higher,
indicating that the melt structure became depolymerized
when the Al2O3 content increased. The opposite trend
was observed when comparing these data with the
viscosity measurements. The viscosity was higher when
the Al2O3 content was higher, indicating that Al2O3 acts
as a network-forming oxide in the melt, which also was
strengthened by comparing the (Al2O3+SiO2)/MO ratio
with the viscosity. One explanation for the decreased Q0/
Q1 ratios may be because the increased content of Al2O3

reduces the absolute amount of SiO2 in the samples, thus
decreasing the relative amount of [SiO4]

4- in the melt.
The results demonstrated that the viscosity of the slag

was significantly influenced by the FeO/SiO2 ratio, CaO
content, and Al2O3 content. Higher FeO/SiO2 ratios and
increased CaO levels promoted depolymerization of the
silicate network, as reflected in the relative area fractions
of Q0 and Q1 units, leading to reduced viscosity. In
contrast, higher Al2O2 content increased viscosity due to
the formation of AlO4–tetrahedron, enhancing the
melt’s polymerization. However, this was not verified
in the Raman spectra and needs further study. These
findings align with the study’s objective of clarifying the

relationship between slag composition, ionic structure of
the melts, and viscosity, offering critical insights for
optimizing slag properties in industrial processes.

IV. CONCLUSIONS

The present study investigated the correlation
between the ionic structure of the melt, polymerization
degree, and the viscosity of FeO–SiO2–Al2O3–CaO–M-
gO–Cr2O3 melts with varying compositions. The influ-
ence of the composition was estimated in a two-level
full-factorial design of experiments with the factors
Al2O3 and CaO content and the FeO/SiO2 ratio. Based
on the experimental results, the following was concluded
within the compositional window of the study:

� The viscosity was lower in the melts with higher
NBO/T, which ranged from 1.68 to 2.92. A high FeO/
SiO2 ratio of 1.25 (at pct/at pct) and a high content of
CaO (12 at pct) were beneficial for obtaining a low
viscosity owing to the network-breaking characteris-
tics of the components. At 1573 K, the viscosity of the
melt with the lowest NBO/T (1.68) was 3.5 times
higher than the melt with the highest NBO/T (2.92).

� Melts with lower NBO/T, FeO, and CaO content had
higher activation energy. This highlights the correla-
tion between the activation energy and the structure
of the melt, where a more polymerized melt is more
sensitive to temperature changes.

� The samples with a higher FeO/SiO2 ratio (1.25 at
pct/at pct) resulted in a more depolymerized melt
according to the Q0/Q1 than those with a lower ratio
(1.08 at pct/at pct). The same correlation was seen
when changing the CaO content from high to low.
Both trends were consistent with the viscosity data,
indicating that CaO and FeO act as network-breaking
oxides depolymerizing [Si2O7]

6- (Q1) into a melt richer
in the monomer silicate structure (Q0, [SiO4]

4-).
� A higher content of Al2O3 (5 at pct) increased the

viscosity and activation energy, indicating that Al2O3

acts as a network-forming oxide in the melt. On the
other hand, an increased Al2O3 content resulted in a
higher Q0/Q1 ratio according to the results from the
Raman spectra. This indicates that the current anal-
ysis does not fully explain the melt structure when the
Al2O3 content is higher.

� The relationship between the molar ratio of
(Al2O3+SiO2)/MO and the viscosity showed a clear
linear trend (R2 of 0.97), where the viscosity increased
with an increasing ratio, indicating that Al2O3 and
SiO2 act as network-forming oxides polymerizing the
melt.

In summary, this study highlights the correlation
between slag composition, melt structure, and viscosity,
providing a deeper understanding of how net-
work-forming and -breaking oxides influence the poly-
merization degree and the resulting physical properties.
The results from this study support the correlation
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between ionic structure, NBO/T, and the molar ratio of
(Al2O3+SiO2)/MO, where samples with a higher degree
of polymerization resulted in a higher viscosity in the
FeO–SiO2–Al2O3–CaO–MgO–Cr2O3 system.
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