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This article elucidates the quantitative relationship between viscosity and structure in a basic
slag system of CaO-SiO2-MgO-Al2O3 and focuses on the role of Al2O3. Slag viscosity was
measured by the rotating cylinder method, and structural information was obtained using
Fourier transformation infrared, Raman and magic angular spinning nuclear magnetic
resonance (MAS-NMR) techniques. The results show that, as the Al2O3 content increased,
slag viscosity increased initially and decreased afterwards, directly indicating that Al2O3 had an
amphoteric effect on slag viscosity. The Raman spectra verified that with increasing Al2O3

content, the concentrations of Q0(Si) and Q2(Si) decreased first and then increased, while that of
Q1(Si) kept increasing and that of Q3(Si) increased first and then decreased. The 27Al MAS-
NMR spectra proved that the mole ratios of AlO5 and AlO6 to AlO4 kept increasing with the
increase of Al2O3 content, and, overall, Al2O3 changed from a network former to a network
modifier. The relationship between the viscosity and structure of the molten slags was further
analyzed quantitatively based on the modified (NBO/T), denoted as (NBO/T)¢, and we found a
fine linear correlation between the logarithm of viscosity and (NBO/T)¢. Moreover, the
variations of thermodynamic properties of this system also indirectly supported the present
experimental results.
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I. INTRODUCTION

IN recent years, the iron ore grade has been gradually
declining with continuous depletion of ore reserves. It is
estimated that most iron ores mined in China contain
< 30 wt pct iron, which is far below the global average
(60 wt pct iron).[1] In this situation, relatively high-
degree iron ores from India and Australia have been
considered alternative options.[2] A typical character of
these ores is a higher Al2O3 content.[3,4] In addition,
many changes in the operational conditions of blast
furnaces have taken place in China, including the
utilization of low-cost non-metallurgical coals.[5] As a
result, the Al2O3 concentration in molten slags has
increased to> 20 wt pct.[6] This composition change of
slag will significantly affect its thermophysical proper-
ties, such as the viscosity and crystallization behaviors.

Slag viscosity is a fundamental thermophysical prop-
erty and plays an important role in metallurgical
processes.[7] It is sensitive to compositional variation of
slag melt. In fact, the variational composition impacts
viscosity, relying on the change in structure at the micro-
level, that is, slag viscosity is directly related to the
structure of the slag melt. From the micro-level, viscosity
reflects the internal friction between molecules of a fluid
when they flow under external force. The internal friction
is determined by parameters such as the structure of the
molecules and the interaction forces between the
molecules. Thus, a deep understanding of the origin of
slag viscosity at the micro-level is highly necessary.
Generally, blast furnace slags are considered a mix-

ture of oxides, mainly composed of CaO, SiO2, MgO,
Al2O3 and other minor elements. Therefore, CaO-SiO2-
MgO-Al2O3 is commonly considered a basic quaternary
system of slags.[8] In terms of the role of oxides in the
melt structure, CaO and MgO are network modifiers;
SiO2 is a network former; Al2O3 is an intermediate oxide
with the ability to polymerize or depolymerize net-
works,[9–11] and its amphoteric behavior on the structure
and viscosity is complicated, and some unclear issues
remain.
Many investigations[12–17] focused on the lower end

concentration of Al2O3 and failed to discover its
amphoteric behavior. For example, the thermophysical
properties and structure of CaO-SiO2-MgO-Al2O3 slag
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have been studied previously[17] and showed that,
with increasing Al2O3 content, the slag viscosity
increased and Al2O3 dominantly acted as a network
former. A few other studies[18–20] found a distinguish-
ing phenomenon. For example, Park et al.[20] explored
the viscosity of CaO-SiO2-Al2O3 slag and found that
the viscosity increased at the initial stage of Al2O3

addition and then switched over to decrements at
higher Al2O3 content. However, the viscous flow
behaviors were discussed only based on a simple
structural analysis using Fourier transformation infra-
red (FTIR) spectra. So far, the investigations into the
amphoteric behavior of Al2O3 on slag viscosity were
still insufficient and unclear. In fact, the dependence
of viscosity upon the structure of melts has been
widely acknowledged.[17–20] To clearly understand the
amphoteric behavior of Al2O3, it is essential to
quantitatively investigate the viscosity and structural
characteristics of molten slags. This was the aim of
the present study.

In the present work, a basic slag system of CaO-
SiO2-MgO-Al2O3 was prepared, and its viscosity was
measured by the rotating cylinder method. Its structure
was characterized first qualitatively using FTIR,
Raman and magic angular spinning nuclear magnetic
resonance (MAS-NMR) techniques. The relationship
between viscosity and structure was further quantita-
tively analyzed based on the degree of polymerization
(DOP) of the network. The DOP was quantified by a
structural parameter, namely, (NBO/T)¢, where NBO is
the number of non-bridging oxygen and T is the
number of network former. (NBO/T)¢ can be calculated
from the fitting results of Raman and MAS-NMR
spectra using Gaussian functions. The functional rela-
tion between the logarithm of viscosity and (NBO/T)¢
was established based on a linear fitting method.
Furthermore, three important thermodynamic proper-
ties of the system, namely, activity coefficients, molar
Gibbs free energy of real mixing and molar excess
Gibbs free energy, were employed to deepen these
discussions.

II. EXPERIMENTAL PROCEDURE

A. Sample Preparation

In this study, the modified slags of the CaO-SiO2-
MgO-Al2O3 system were prepared with a fixed binary
basicity (mass ratio of CaO to SiO2), using analytically
pure (AR) CaO (99.9 pct), SiO2 (99.8 pct), MgO (99.9
pct) and Al2O3 (99.9 pct) [produced by Alfa Aesar
(China) Company]. The chemical compositions of
designed samples are listed in Table I. The compositions
were also represented by the red arrow on the ternary
phase diagram of the CaO-SiO2-(8 wt pct) MgO-Al2O3

system in Figure 1, which was calculated from Factsage
7.1 (Thermfact/CRCT, Canada, and GTT-Technolo-
gies, Germany). The primary crystalline phases and
liquidus temperatures of the five designed samples were
obtained from the phase diagram and are summarized in
Table I.
Two hundred grams of the mixed powders of oxides

was placed in a molybdenum (Mo) crucible
U40 � H180mmð Þ and then premelted at 1540 �C for
2 hours in a tube furnace under high-purity Ar atmo-
sphere to homogenize the slag melts. Subsequently, the
molten slags were quickly poured into water and
quenched to a glassy state. Finally, the obtained samples
were dried at 110 �C in a drying oven and crushed to
powders < 300 meshes for structure and viscosity
measurements.
The prepared samples were analyzed by X-ray fluo-

roscopy (XRF) and X-ray diffraction (XRD), as shown
in Table I and Figure 2, respectively. The XRF values
presented a small deviation from the designed values of
samples, and the XRD results verified the amorphous
nature of the prepared samples.

B. Viscosity Measurement

The viscosities of slag melts were determined by the
rotating cylinder method with a Brookfield digital
viscometer instrument (model LVDV-II+; Brookfield
Engineering Laboratories, Middleboro, MA). The

Table I. Chemical Compositions of Modified Slags (in Mass Pct)

Samples CaO SiO2 MgO Al2O3 Basicity Primary Crystalline Phase Liquidus Temperature (�C)

A1
Designed 43.5 43.5 8 5 1 Ca2MgSi2O7 or Ca3MgSi2O8 1356
XRF 44.39 42.94 7.28 4.78 1.03

A2
Designed 41 41 8 10 1 Ca3MgSi2O8 1331
XRF 42.35 39.71 7.18 9.11 1.06

A3
Designed 38.5 38.5 8 15 1 Ca3MgSi2O8 1288
XRF 39.48 38.03 7.24 13.72 1.04

A4
Designed 36 36 8 20 1 Ca2Al2SiO7 1356
XRF 37.93 35.73 7.34 18.25 1.06

A5
Designed 33.5 33.5 8 25 1 Ca2Al2SiO7 1400
XRF 34.38 32.80 7.14 24.52 1.05
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details of the experimental apparatus, including the
schematic diagram and dimensions of the spindle,
crucible and shaft, are displayed in Figure 3. It should
be pointed out that the parts (crucible, spindle and
shaft) in touch with melts were made by molybdenum
(Mo). The molybdenum oxide contents in the samples
before and after viscosity measurement were analyzed
by XRF, and they were in the range of 0.14 to 0.43 wt
pct. The molybdenum oxide contents and their changes
before and after viscosity measurement were very small.
Hence, the effect of Mo on the viscosity measurement
can be ignored.

In the process of viscosity measurement, first the
viscometer was calibrated using standard silicone oils
with known viscosities at room temperature. Then, 140
g of prepared glassy sample was loaded into a Mo
crucible, and the Mo crucible fitted inside a high-pure
graphite crucible was placed in the even temperature
zone of the resistance furnace. High-purity Ar gas

(0.3 L/min) was used to protect the Mo crucible, spindle
and shaft from oxidization during the experiment. The
sample temperature was raised to the peak temperature
of 1540 �C and then held for > 2 hours at this
temperature to homogenize the melt. The viscosity of
the melt was first measured at 1540 �C until its values
varied within 2.5 pct when the shaft rotating speed
changed. Then, the viscosities of the melt were measured
and recorded during continuous cooling with a cooling
rate of 5 �C/min and a fixed shaft rotating speed of 200
r/min

C. Spectral Measurements

In this study, FTIR, Raman and MAS-NMR tech-
niques were employed to analyze the structure of the
glassy samples. First, for FTIR tests, sample aliquots of
2 mg with 200 mg of KBr were mixed and ground in an
agate mortar and pressed into 13.0-mm-diameter discs.
An IR spectrophotometer (Tensor 27, Bruker, Ger-
many) equipped with a KBr detector was used, and the
absorption spectra in the range of 400 to 4000 cm�1

were recorded with 2 cm�1 resolution. Second, the
Raman spectra in the range of 200 to 2000 cm�1 were
obtained using a laser confocal Raman spectrometer
(JY-T64000, Jobin-Yvon Company, France). The tests
were operated at room temperature with the light source
of a 1-mW semiconductor and an excitation wavelength
of 532 nm. Finally, to further identify the structural
roles of Al in the glassy samples, 27Al MAS-NMR tests
of sample powders were performed on a solid-state FT-
NMR spectrometer (Avance III 400M, Bruker, Ger-
many) using an MAS probe of a 4-mm ZrO2 rotor and
two pairs of DuPont Vespel caps.

III. RESULTS AND DISCUSSION

A. The Viscosities of CaO-SiO2-MgO-Al2O3 Molten
Slags

The slag viscosity measured during continuous cool-
ing is exhibited in Figure 4(a). As expected, the viscosity
kept increasing smoothly with decreasing temperature
until it reached the crystallization temperature, which
could be concluded from the inflection point of the
viscosity curve. It could be clearly observed that the
crystallization temperatures of samples with 5 and 10 wt
pct Al2O3 content were about 1350 �C and 1335 �C,
respectively, which was basically in line with the liquidus
temperatures of 1356 �C and 1331 �C shown in Table I.
However, the exact crystallization temperatures of
samples with higher Al2O3 content were not clear in
these experiments. It was interesting to note that there
was a crossing point between the viscosity curves of
samples with 20 and 25 wt pct Al2O3 contents, and the
temperature of the crossing point was close to the
liquidus temperature of the latter. Also, the phase
diagram showed that the crystallization temperature of
the latter sample was higher. Hence, it could be
explained that the lower viscosity at high temperature
created a suitable melt environment that was in favor of

Fig. 1—Ternary phase diagram of the CaO-SiO2-(8 wt pct) MgO-
Al2O3 slag system.

Fig. 2—XRD results of the prepared glassy samples.
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the movement and rearrangement of ion clusters.
Nevertheless, the formation of a regular structure
resembling a crystal lattice, even tiny grains, in turn,
would significantly increase the melt viscosity. Essen-
tially, this phenomenon was analogous but less obvious
compared with the intersecting viscosity curves of
samples with 5 and 10 wt pct Al2O3 content.

To more directly understand the influence of Al2O3

content on viscosity, the variation trend of viscosity with
incremental Al2O3 content at different temperatures of
1540 �C, 1500 �C, 1460 �C, 1420 �C and 1380 �C is
displayed in Figure 4(b). As shown, two types of

variation trends existed. Under the condition of tem-
perature > 1460 �C, the viscosity increased first, fol-
lowed by a decrease with increasing Al2O3 content, and
a maximum value occurred as the Al2O3 content was 20
wt pct. At lower temperatures, the viscosity kept
increasing, and the effect of Al2O3 on viscosity was
more pronounced. Hence, it could be inferred that
Al2O3 had an amphoteric effect on the viscosity of slags
at high temperatures, and its role gradually transformed
from an acidic oxide to a basic oxide, but when the
temperature was lower, the role of Al2O3 became more
complex because of the crystallization behaviors.

Fig. 3—Schematic diagram of the experimental apparatus for the measurement of slag viscosity (unit: mm).

Fig. 4—Viscosity changes of CaO-SiO2-(8 wt pct) MgO-Al2O3 slags (a) with the temperature; (b) with the Al2O3 content at the fixed basicity
of 1.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 50B, DECEMBER 2019—2933



B. Microstructural Analysis of the Slags

1. FTIR and Raman spectra
The FTIR absorption spectra in the region of 400 to

1300 cm�1 of glassy samples are shown in Figure 5(a).
As can be noted, all spectra exhibited three broad
absorption bands: a low frequency band from 400 to 600
cm�1, an intermediate frequency band from 600 to 800
cm�1 and a high frequency band from 800 to 1200 cm�1,
with each containing different structural informa-
tion.[21,22] Generally, the low-frequency band from 400
to 600 cm�1 was primarily related to the Si-Ob-Si
bending (Ob denotes bridging oxygen), Ca-Onb and Mg-
Onb stretching vibrations (Onb denotes non-bridging
oxygen). The center of 400 to 600 cm�1 was ascribed to
the Ca-Onb and Mg-Onb stretching vibrations, while the
wave shoulder at approximately 450 cm�1 was ascribed
to Si-Ob-Si bending vibrations.[23–25] The intensity of
Ca-Onb and Mg-Onb stretching vibrations was higher
than Si-Ob-Si bending vibrations because infrared spec-
tra were more sensitive to asymmetric structures.[24]

Also, the band located at the intermediate frequency of
600 to 800 cm�1 originated from the Si-Ob symmetry
stretching vibrations, and the most intense absorption
band at the high frequency band from 800 to 1200 cm�1

was attributed to the stretching vibrations of Si-Onb in
variational types of SiO4 tetrahedra.[26–28] With the
Al2O3 concentration increasing, it could be observed
that Si-Ob-Si bending, Ca-Onb and Mg-Onb stretching,
and Si-Ob symmetry stretching vibrations became less
pronounced because the contents of CaO and SiO2

simultaneously decreased; also, the position of the high
frequency band (800 to 1200 cm�1) related to SiO4

tetrahedra shifted toward a lower wavenumber, which
was because of the coupling vibrations of Si-Onb and
IVAl-O when the vibration force constant of IVAl-O was
smaller.[29]

Raman spectra were complementary to verify the
FTIR spectra results and obtain more quantitative
structural information on five species of SiO4 tetrahedra,
which are conventionally expressed as Qi(Si) (i = 0, 1,

2, 3 and 4), i representing the number of bridging
oxygens per coordinated Si atom. Figure 5(b) depicts
the Raman spectra in the region of 300 to 1300 cm�1 of
these glassy samples. Similar to the FTIR spectra, the
entire Raman spectra were also traditionally divided
into three typical regions: the low frequency region (200
to 600 cm�1), intermediate frequency region (600 to
800 cm�1) and the high frequency region (800 to 1200
cm�1). The low and intermediate frequency regions (200
to 800 cm�1) were associated with motions of bridging
oxygen in the network, i.e., bending vibrations of T-Ob-
T and stretching vibrations of T-Ob (T represents Si or
Al atoms), while the high-frequency region (800 to 1200
cm�1) was connected to the characteristic motions of
SiO4 tetrahedra.

[11,30]

As Figure 5(b) clearly shows, with increasing Al2O3

content, two peaks at ~ 350 and ~ 700 cm�1, assigned to
the Si-Ob-Si bending and Si-Ob symmetry stretching
vibrations, respectively, gradually faded away, which
corresponded to the FTIR results. However, the peak
positioned at 580 cm�1, attributed to the bending
vibrations of Si-Ob-Al, became more pronounced with
increasing Al2O3 content, which could be explained as
follows. First, Al atoms inserted into networks would
increase with additional Al2O3 added. Second, the Al
atoms introduced into the network preferentially formed
Si-Ob-Al (residual charge of � 0.25) bonds with SiO4

tetrahedra rather than Al-Ob-Al (residual charge of
� 0.5) bonds because of the more facile charge com-
pensation of the former, which was also named alu-
minum avoidance,[31,32] so the Si-Ob-Al bending
vibrations would become significantly enhanced. Simul-
taneously, for this reason, the Si-Ob-Si framework
became diminished and the Si-Ob-Si bending and Si-
Ob symmetry stretching vibrations became weaker. As
for the broad band associated with SiO4 tetrahedra at
the high-frequency region, it moved slightly to a lower
frequency range, which was consistent with the FTIR
results. In more detail, two obvious peaks could be
observed at ~ 870 and ~ 950 cm�1 in sample A1, and a
new coupling peak appeared at ~ 920 cm�1 as the Al2O3

Fig. 5—FTIR and Raman spectra of the prepared glassy samples: (a) FTIR and (b) Raman.
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content was higher. It could be preliminarily speculated
that the incremental Al2O3 concentration might reduce
the content of Q0(Si) and Q2(Si) but generate more
Q1(Si) in the network.

Careful fitting of Raman curves in the high-frequency
region allows us to quantitatively investigate the Si-
related structure. Many previous studies[17,33,34] indi-
cated the centers of bands related to Q0(Si), Q1(Si),
Q2(Si), Q3(Si) and Q4(Si) were located at ~ 870, ~ 910,
~ 970, ~ 1050 and ~ 1200 cm�1, respectively. There was
no detectable peak at ~ 1200 cm�1, and the fitting curves
should be focused on the obvious peaks or shoulders.
Hence, four Gaussian functions assigned the four Qi(Si)
(i = 0, 1, 2 and 3) were used to fit the Raman spectra in
the range of 800 to 1150 cm�1. Gaussian fittings to these
various Raman curves are shown in Figures 6(a)
through (e). Based on the band areas of the fitted
Gaussian curve, namely Ai (i = 0, 1, 2 and 3) corre-
sponding to Qi(Si) (i = 0, 1, 2 and 3), the mole fractions
of various Qi(Si) could be calculated from the following
equation:

Xi ¼ Ai=Sið Þ
, X3

i¼0

Ai=Si

 !
½1�

where Xi, Ai and Si denote the mole fraction, band
area and Raman scattering coefficient of Qi(Si), respec-
tively. The values of S0, S1, S2 and S3 are equal to 1,
0.514, 0.242 and 0.09, respectively.[35] The variation
trend of mole fractions of various Qi(Si) with increas-
ing Al2O3 content is presented in Figure 6(f), as will be
discussed later.

2. 27Al MAS-NMR spectra
To further identify the roles of Al in the network, the

27Al MAS-NMR spectra of prepared glassy samples
were collected and are plotted in Figure 7. The reso-
nance of Al-related units occurred between � 20 and
100 ppm, and all the resonance peaks were similar with a
dominant peak at ~ 60 ppm. According to the previous
research,[22] the main resonance appearing at 50 to 65
ppm was characteristic of the presence of fourfold
coordinated Al3+ (AlO4), while the secondary resonance
at 0 to 40 ppm indicated the presence of fivefold
coordinated Al3+ (AlO5) and sixfold coordinated Al3+

(AlO6). These three different sorts of Al-related units
represented the complex roles of Al in the glass network,
which directly determined the amphoteric behavior of
Al2O3. As shown, the main peak and FWHM (full width
at half maximum) of each curve are marked in Figure 7.
It could be observed that with Al2O3 added, there was
no significant shift in the position of the main peak when
the FWHM continuously extended outwards from the
main peak, which meant the degree of disorder of the
aluminum resonance increased. For a change in the
quantity of Al-related units, it could be correspondingly
speculated that with increasing Al2O3 content, the AlO4

concentration gradually decreased and the concentra-
tion of AlO5 and AlO6 increased.
To further obtain the different proportions of the

three Al-related units in the networks, deconvolution of
the 27Al MAS-NMR curves was performed in the region
of � 20 to 100 ppm. It was reported that the resonant
centers of AlO4, AlO5 and AlO6 were located at ~ 60,
~ 40 and ~ 10 ppm, respectively.[11,17] Hence, three
Gaussian functions assigned to the three AlOi species

Fig. 6—Fitting results of Raman spectra in the 800 to 1150 cm�1 wavenumber range with Gaussian functions of (a) sample A1, (b) sample A2,
(c) sample A3, (d) sample A4, (e) sample A5 and (f) mole fractions of various Qi(Si) (i = 0, 1, 2 and 3).
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(i = 4, 5 and 6) were used to fit the NMR spectra.
Gaussian fittings to these curves are shown in Fig-
ures 8(a) to (e). Based on the band areas of the fitted
Gaussian curve, the mole fractions of various Al-related
units could be calculated from the following equation:

XAlOi
¼ AAlOi

, X6
i¼4

AAlOi

 !
½2�

where XAlOi
and AAlOi

denote the mole fraction and
band area of AlOi, respectively. The variation trend of
mole fractions of various AlOi with incremental Al2O3

content is shown in Figure 8(f), as will be discussed in
the following section.

C. Relationship Between the Viscosity and Structure
of Molten Slags

1. Quantitative relationship between the viscosity
and structure
As mentioned before, the variational composition of

the slag melt affects the macroscopic properties relying
on the change in structure at the micro-level. Therefore,
to understand the relationship between viscosity and
structure, two aspects, compositional effects on struc-
ture and structural effects on viscosity, need to be
clarified.
The compositional effects on the major structure of

Si- and Al-related units are illustrated in Figures 6(f)
and 8(f), respectively. As shown in Figure 6(f), at the
initial stage of Al2O3 addition, the mole fractions of
Q1(Si) and Q3(Si) species both increased at the cost of
Q0(Si) and Q2(Si) species. This structural transformation
responsible for the increase of the DOP of the network
indicated that Al2O3 played a primary role as a network-
forming oxide as a whole. From the conventional
perspective, for the aluminosilicate glass structure, Onb

in SiO4 tetrahedra converted into Ob in Si-Ob-Al with
AlO4 tetrahedra introduced into the silicate network,
which is shown in Figure 9(a). Although AlO4 might
interact with any kind of SiO4 tetrahedra containing Onb

in theory, here Q0(Si) and Q2(Si) species were notably
consumed because of high levels of Onb for Q0(Si) and
the dominant proportion for Q2(Si). As Al2O3 was
further added, the Q3(Si) species transformed into lower
Ob number species of Q0(Si), Q1(Si)and Q2(Si). This
indicated that the network structure began to depoly-
merize and the role of Al2O3 transformed into a network
modifier overall. In other words, the high-coordinateFig. 7—27Al MAS-NMR spectra of the prepared glassy samples.

Fig. 8—Fitting results of 27Al MAS-NMR spectra in the chemical shift range of 800 to 1150 ppm with Gaussian functions of (a) sample A1, (b)
sample A2, (c) sample A3, (d) sample A4, (e) sample A5 and (f) mole fractions of various Al-related structure units (i = 0, 1, 2 and 3).
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units of Al, namely, AlO5 and AlO6, began to present a
more significant influence on the network structure, and
their depolymerization behavior was vividly illustrated
in Figure 9(b).

Additionally, Figure 8(f) demonstrated that the mole
ratio of AlO5/AlO4 increased with increasing Al2O3

content, which could likewise confirm the role change
of Al2O3. The result that the average coordination
number of Al gradually increased was also consistent
with previous studies.[9,17,31] First, the residual charge
numbers on the oxygen of AlO5, AlO5 and AlO6 could
be clearly compared when they were expressed as [O-
Al1/4]

�5/4, [O-3Al1/5]
�1/5 and [O-4Al1/6]

0, respec-
tively,[31] and were apparently decreased successively.
Second, the concentration of alkali-earth metal cations
was lowered with incremental Al2O3 content, and as a
consequence, the compensation charges were gradually
reduced. Therefore, high-coordinated Al units with
fewer residual charges were more likely to form because
of the limited quantity of compensation charges in the
networks.

As for the structural effects on viscosity, they could be
analyzed based on the shifty DOP of the network. As
recognized, a higher DOP tended to lead to a higher
viscosity. For the purpose of quantitatively analyzing
the relationship between viscosity and structure, the
average number of Onb per coordinated network form-
ing atom, which was denoted as (NBO/T), was used to
quantify the DOP of the glassy network. In detail, for
the silicate network structure, the value of (NBO/T)
could be computed by Eq. [3]. Herein, considering the

effects of partial Al2O3 likewise as a network former, the
modified (NBO/T) denoted as (NBO/T)¢ was employed
and could be obtained by Eq. [4].

NBO=T ¼
X4
i¼0

4� ið Þ � Xi ½3�

NBO=Tð Þ0¼ xSiO2
�
P4

i¼0 4� ið Þ � Xi

xSiO2
þ 2xAl2O3

� b � XAlO4

½4�

Here xSiO2
and xAl2O3

are the molar contents of SiO2

and Al2O3 in the sample, respectively; b is the ratio of
cationic field strengths (Zc=r

2, where Zc and r are the
valence and radius of the cation, respectively) of Al3+

and Si4+, and its value is 0.427.[36]

Figure 10(a) presents the calculation results of (NBO/
T)¢ in the molten slags at high temperature. As expected,
the value of (NBO/T)¢ decreased first and then increased
with Al2O3 gradually added, also indicating that there
were two stages of changes in the slag structure. In the
first stage, the simple anion clusters in the melt were
connected in a complex network structure by AlO4

tetrahedra. Therefore, the friction between the ions
increased and the viscosity increased correspondingly.
In the second stage, the complex network structure was
broken by AlO5 and AlO6. Therefore, the friction
between the ions decreased, and the viscosity decreased
correspondingly. This could felicitously explain the
discontinuous variation tendency of melt viscosity at

Fig. 9—Schematic illustration of the roles of different Al-related units: (a) AlO4, (b) AlO5 and AlO6 in the network structure.
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high temperature and simultaneously confirm the
amphoteric behavior of Al2O3 on viscosity at the
microstructural level.

Figure 10(b) shows the linear fitting results of the
logarithm of viscosity and (NBO/T)¢ at the temperature
range of 1470 �C to 1540 �C. As can be seen, with
increasing (NBO/T)¢, the logarithm of viscosity gradu-
ally decreased, which was in accordance with the above
analyses. The result was also consistent with previous
studies. For example, Tang et al.[36] confirmed the
negative correlation between the logarithm of viscosity
and (NBO/T), and Wu et al.[37] also found a fine linear
correlation between the logarithm of viscosity and
(NBO/T) of the CaO-SiO2 system. Here, the functional
relationship between viscosity and (NBO/T)¢ can be
expressed as Eq. [5]:

ln Viscosityð Þ ¼ aþ b � NBO=Tð Þ0 ½5�

The values of a, b and the coefficient of determination
R2 are displayed in Table II. It can be observed that,
on the whole, a fine linear correlation was exhibited
between the logarithm of viscosity and (NBO/T)¢. This
clearly indicated the quantitative relationship among
the viscosity, temperature and microstructures of slags.

2. Viscosity and Structure Analysis—Thermodynamic
View

In this section, activity coefficients and Gibbs free
energy were taken into account to analyze the viscosity
and structure from the thermodynamic view. Activity
coefficients cið Þ and molar excess Gibbs free energy
DmixG

E
m

� �
can exhibit deviations from the ideal behavior,

and the molar Gibbs free energy of real mixing

DmixG
re
m

� �
can reflect the stability of the slag

system.[38–40] Here, the activity values aið Þ were calcu-
lated by FactSage 7.1. The values of ci, DmixG

E
m and

DmixG
re
m can be obtained from the following equations:

ci ¼ ai=xi ½6�

DmixG
E
m ¼ RT

Xm
i¼1

xi ln ci ½7�

DmixG
re
m ¼ RT

Xm
i¼1

xi ln ai ½8�

The activity coefficient of Al2O3 at 1540 �C and its
first derivative are exhibited in Figure 11(a). It can be
seen that the activity coefficient displayed a negative
deviation from the ideal state. It was interesting to
note that with increasing Al2O3 content, the activity
coefficient of Al2O3 gradually increased at a discontin-
uous rate and its growth trajectory approximated an
‘‘S’’ curve. The transition point of the ‘‘S’’ curve
appeared at about 17 wt pct Al2O3 content, where the
first derivative reached its maximum. This signified the
role of Al2O3 in the structure, and the viscosity chan-
ged at this point. When the Al2O3 content was < 17
wt pct, Al ions were preferentially introduced into the
voids in the silicate networks to form AlO4 tetrahedra
with the consumption of NBO. However, this was
restrained by less and less Onb until Al ions in the net-
work reached saturation. As a result, the inhibiting
effect on the activity coefficient of Al2O3 was gradually
weakened because of subdued interactions between
Al2O3 and SiO2, and the activity coefficient of Al2O3

Fig. 10—Value changes of (NBO/T)¢ with increasing Al2O3 content (a) and the relation between viscosities and (NBO/T)¢ (b) in molten slags at
high temperatures.
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increased with a gradual and accelerating trend. When
the Al2O3 content was> 17 wt pct, because there was
not enough cationic charge in the networks, a mass of
AlO5 and AlO6 units with less residual charges formed.
They showed another kind of interaction with SiO2

and depolymerized the network. Hence, the inhibiting
effect on the activity coefficient of Al2O3 was strength-
ened, and the activity coefficient of Al2O3 increased
with a gradually slowing trend.
Figure 11(b) presents the variation of the molar

Gibbs free energy of real mixing and molar excess
Gibbs free energy of the CaO-SiO2-MgO-Al2O3 system
at 1540 �C with incremental Al2O3 content. It can be
seen that the system with about 17 wt pct Al2O3 content
possessed a minimum molar Gibbs free energy of real
mixing. According to the analysis of the phase diagram
in Figure 1, this composition point lay on the intersect-
ing line of two primary crystal regions, merwinite and
gehlenite. Although the relationship of the primary
phase and melt structure was unclear, it could be
speculated that two different types of structure changes
existed. Regarding the molar excess Gibbs free energy of
the system, it also possessed a minimum value but at a
lower Al2O3 concentration of about 8 wt pct. Fig-
ure 11(a) shows that before this composition, the
activity coefficient of Al2O3 remained a fairly small
value. This indicated that a dramatic deviation from the
ideal state had been caused owing to the formation of
AlO4 tetrahedra and reached its maximum at the
composition of about 8 wt pct Al2O3 content, namely,
molar excess Gibbs free energy reached the minimum
value.
The analysis above, in fact, confirmed two different

and important types of structural changes at different
Al2O3 concentration ranges from the thermodynamic
view, and the viscosity variation actually originated
from the structure changes. This is basically consistent
with the experimental results of the viscosity and
structures.

IV. CONCLUSION

This study gained insight into the relationship
between the viscosity and structure of CaO-SiO2-MgO-
Al2O3 molten slags. Viscosity and structure, as well as
their relationship, were quantitatively studied. Also, the
amphoteric behavior of Al2O3 on the structure and
viscosity was confirmed from the thermodynamic view.
The following conclusions could be drawn here:

(1) The results of slag viscosity indicated there was an
amphoteric behavior of Al2O3 on the viscosity at
high temperature> 1460 �C, and the slag viscosity
reached the maximum as the Al2O3 content was 20
wt pct.

(2) The Si-related unites identified by FTIR and Raman
fitting showed a discontinuous change. At the initial
stage of Al2O3 addition, the mole fractions of Q1(Si)
and Q3(Si) species both increased at the cost of
Q0(Si) and Q2(Si) species. As Al2O3 was further
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added, the Q3(Si) species transformed into lower Ob

number species of Q0(Si), Q1(Si) and Q2(Si).
(3) The fitting results of 27Al MAS-NMR spectra indi-

cated that AlO4, AlO5 and AlO6 existed in the net-
works. High-coordinated Al units with fewer
residual charges (AlO5 or AlO6) were more likely to
form with increasing Al2O3 content, which drove the
shift of the Al2O3 role from a network former to a
network modifier.

(4) DOP of glassy networks quantified by (NBO/T)¢
increased first, followed by a decrement, and
reached a maximum as the Al2O3 content was 20 wt
pct. Through the thermodynamic analysis, the
transition point in structure and viscosity was at the
composition of about 17 wt pct Al2O3, which was
close to the experimental result.
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