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AbstractThe glass-ceramics of CaO-MgO-Al2O3-SiO2-Cr2O3 system was prepared by melting method using blast
furnace slag, low-carbon ferrochrome alloy slag and quartz sand as raw materials, and the effect of Cr2O3 on the viscos-
ity and structure of slag (or glass) of CaO-MgO-Al2O3-SiO2 (CMAS) system at high temperature was studied. The
Urbain viscosity prediction model was established and optimized, and the effect of Cr2O3 on the structure of slag (or
glass) was studied by Raman spectroscopy. The results show that when the mass fraction of Cr2O3 is in the range of
0.85-2.05%, the viscosity of slag (or glass) of CMAS system decreases with the increase of Cr2O3 content. The average
relative errors between the experimented viscosity value and the calculated viscosity value obtained by using the opti-
mized Urbain model are less than 20%, which is effective and universal for the viscosity prediction of slag (or glass) of
CaO-MgO-Al2O3-SiO2-Cr2O3 system. With the increase of Cr2O3 content, the complex silicon oxygen tetrahedrons
(Q3) disintegrate into a larger number of simple silicon oxygen tetrahedrons (Q0, Q1, Q2), resulting in the sparse struc-
ture of the melt network and a decrease in macroscopic viscosity.
Keywords: Cr2O3, Viscosity, Glass-ceramics, Urbain Model, Raman Spectroscopy, Tetrahedron Silica

INTRODUCTION

With the development of the metallurgical industry, the emission
of metallurgical slag harmful to the environment has increased year
by year, and most of the harmful metallurgical slag is disposed of
by landfill, microbial treatment and other methods [1]. Studies
have shown that a variety of metallurgical slags can be used to pre-
pare glass-ceramics [2,3], which provides a new way for the utiliza-
tion of metallurgical slag. Glass-ceramics is a new type of material
with high mechanical strength, chemical corrosion resistance and
other advantages, and glass-ceramics with slag as raw material is
mainly used as a building decoration material [4]. Blast furnace slag
and low-carbon ferrochrome alloy slag are industrial solid wastes
discharged by the metallurgical industry, the main components of
both are CaO, MgO, Al2O3 and SiO2, and the low-carbon ferro-
chrome alloy slag contains the nucleation agent component Cr2O3

that can promote crystallization of glass-ceramics [5,6], so the blast
furnace slag and low-carbon ferrochrome alloy slag are suitable for
the preparation of glass-ceramics for architectural decoration of
CaO-MgO-Al2O3-SiO2-Cr2O3 system [7].

Viscosity is one of the important physical properties when pre-
paring glass-ceramics by melting method, which runs through the
melting and forming stages of glass production, which greatly affects
the mass transfer of elements in the melt and the performance of
glass [8], and has a great impact on the preparation process and
product quality of glass-ceramics. It takes a considerable amount of
time and money to measure the viscosity of slag (or glass) under

high temperature conditions, and it is unrealistic to obtain the vis-
cosity value of slag (or glass) only from experimental means, so it
is necessary to establish a reliable model to predict the viscosity of
the slag (or glass), so as to provide accurate information for the
preparation of glass-ceramics. The Urbain model has achieved good
results in the viscosity prediction of conventional CMAS system
slag and its subsystems, and has a wide range of applications [9].
For example, Dong et al. modified the Urbain model and applied
it to predict the slag viscosity of TiO2-Al2O3-CaO-SiO2 and TiO2-
Al2O3-CaO-MgO-SiO2 systems, with good prediction results [10].
At present, the study on the use of Urbain model to predict the vis-
cosity of slag (or glass) of CaO-MgO-Al2O3-SiO2 system contain-
ing Cr2O3 has not yet been reported in the literature. This study is
based on a previous study of Urbain model, combined with the vis-
cosity data measured experimentally; the Urbain model parameters
were optimized to predict the viscosity of slag (or glass) of CMAS
system containing Cr2O3. In addition, Raman spectroscopy was used
to analyze the influence of Cr2O3 on the melt structure of CMAS
system, which provided a scientific basis for the rational use of chro-
mium-containing slag to prepare CMAS glass-ceramics.

MATERIALS AND METHODS

1. Determination of the Composition of the Glass-ceramics
The blast furnace slag used in this study was taken from the Baotou

Iron and Steel Works, and the low-carbon ferrochrome alloy slag
was from a chromium ferroalloy plant in Inner Mongolia, with quartz
sand as a conditioning agent [11,12]. X-ray fluorescence analysis was
used to determine the chemical composition of each raw material
as shown in Table 1.

From Table 1, it can be seen that the sum of the mass percentage
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of the main components CaO, SiO2, Al2O3 and MgO in the blast
furnace slag of Baotou Iron and Steel Works is as high as 91.63%,
and a small number of components K2O and Na2O can reduce the
melting point of glass [13], so the blast furnace slag of Baotou Iron
and Steel Works is an ideal raw material for the preparation of
CMAS system glass-ceramics. CaO, SiO2, MgO and Al2O3 in the
low-carbon ferrochrome alloy slag account for 92.69% of the total
mass percentage of the slag, and the nucleation agent Cr2O3 is 3.48%,
so the low-carbon ferrochrome alloy slag is also an ideal raw mate-
rial for the preparation of CMAS system glass-ceramics. There-
fore, it is completely feasible to adjust the content of the nucleation
agent Cr2O3 by adjusting the ratio of blast furnace slag and low-
carbon ferrochrome alloy slag, and to prepare glass-ceramics with
quartz sand as a supplementary silicon source.

Glass-ceramic with pyroxene as the main crystalline phase has
excellent physical and chemical properties. Therefore, based on the
ternary phase diagram of CaO-Al2O3-SiO2 with MgO mass frac-
tion of 5% drawn by using Factsage software (see Fig. 1), six adja-
cent base glass composition points were selected in the pyroxene
region (black area). By changing the ratio of blast furnace slag and
low-carbon ferrochrome alloy slag, and adjusting the amount of
quartz sand, the mass fraction of Cr2O3 in each group of raw materi-
als was 0.85%, 1.11%, 1.36%, 1.60%, 1.83% and 2.05%, respectively.
The chemical composition of six groups of glass-ceramics is shown
in Table 2.

The viscosity of slag (or glass) is mainly affected by temperature,
basicity and Cr2O3 content [14,15]. From Table 2, it can be seen that
the main chemical composition of glass-ceramics is 31%-34%CaO,
45%-49%SiO2, 6%-10%Al2O3, 5%-7%MgO and 0.85%-2.05%Cr2O3.
In this study, the binary basicity value and quaternary basicity value

Table 1. The chemical composition of raw materials (mass fraction, %)
Component CaO SiO2 Al2O3 MgO CaF2 CaS MnO
Blast furnace slag 34.43 34.21 13.84 9.15 0.78 3.2 0.52
Chromium iron alloy slag 48.64 29.46 7.36 7.23 - - -
Quartz sand 0.029 98.200 0.120 0.005 - - -
Component Fe2O3 FeO K2O Na2O Cr2O3 TiO2 Other
Blast furnace slag - 0.69 0.48 0.54 - 0.89 1.27
Chromium iron alloy slag 0.58 0.5 - - 3.48 - 2.75
Quartz sand 0.037 - - 0.018 - - 1.591

Fig. 1. CaO-Al2O3-SiO2 ternary phase diagram with 5% MgO.

Table 2. Chemical composition of glass-ceramics (mass fraction, %)
Composition

Numbering
CaO SiO2 Al2O3 MgO Cr2O3 Other Binary

basicity
Quaternary

basicity
Acidity

coefficient

S1 31.40 45.46 9.65 6.96 0.85 5.68 0.7 0.7 1.03
S2 31.90 46.18 8.94 6.67 1.11 5.20 0.7 0.7 1.05
S3 32.38 46.85 8.26 6.39 1.36 4.76 0.7 0.7 1.06
S4 32.85 47.51 7.61 6.12 1.60 4.31 0.7 0.7 1.07
S5 33.30 48.14 6.98 5.86 1.83 3.89 0.7 0.7 1.08
S6 33.67 48.67 6.53 5.60 2.05 3.48 0.7 0.7 1.09

Note: Binary basicity=(CaO)/(SiO2), quaternary basicity=(CaO+MgO)/(SiO2+Al2O3).

of slag (or glass) were kept constant, which was 0.7. Therefore, when
the temperature was fixed, the Cr2O3 content was the main factor
affecting the viscosity of the slag (or glass), which laid a foundation
for exploring the influence of Cr2O3 on the viscosity of the slag (or
glass) of the CMAS system.

In addition, the value of the acidity coefficient reflects whether
the designed raw materials ratio can be made of glass [16]. Acid-
ity coefficient refers to the ratio of the amount of acidic oxide and
alkaline oxide in the materials, for CMAS system slag (or glass), a
reasonable acidity coefficient range is 1.00-1.30. According to the
chemical composition of the raw materials, the acidity coefficient
of the six groups of samples was calculated to be in the range of
1.03-1.09, as shown in Table 2. All of them were within the rea-
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sonable range of the prepared glass, so the ratio of raw materials
was reasonable and feasible.
2. Experimental
2-1. Viscosity Measurement and Raman Spectrum Measurement

The viscosity of the slag (or glass) was determined by the inner
cylinder rotation method [17], and the instrument used the RTW-
10 melt physical properties comprehensive analyzer, PtRh10-Pt ther-
mocouple was used for temperature measurement, and the furnace
was N2 atmosphere. The fully mixed 150 g sample was loaded into
a graphite crucible, placed in the constant temperature zone of the
electric furnace to heat up and melt, the furnace temperature rose
to 1,500 oC to keep warm for 30 min, and then the slag (or glass)
viscosity was determined at a cooling rate of 4 oC/min; the test was
stopped when it reached 3 Pa·s. Raman spectrum analysis was car-
ried out after water quenching of slag in molten state. HORIBA HR
Evolution high resolution Raman spectrometer was used as the
instrument, and the 532 nm solid-state laser was used as the light
source, and the measured frequency range was 800-1,200 cm1.
2-2. Comparison of Viscosity Models

For a long time, some scholars have established many viscosity
models for CaO-MgO-Al2O3-SiO2 quaternary slag system, which
can effectively predict the viscosity of slag in a certain range of slag
temperature and composition. These models can be mainly divided
into two categories: one is empirical model, such as Urbain model,
Iida model, Riboud model and NPL model [18-21]. This kind of
model is based on mathematical formulas and fitting experimen-
tal data to obtain model parameters for viscosity prediction. The
other is a structural model, such as quasi-chemical model and KTH
model. In this type of model, there are many parameters and the
derivation and calculation process are complicated, which requires
the help of professional calculation software. The comparison of
these different viscosity models is shown in Table 3.

According to Table 3, among the various viscosity models, the
Iida model and Riboud model have a narrow prediction range and
are not suitable for slag containing Cr2O3, the optical basicity stud-
ied by the NPL model is inconsistent with the study in this paper,
as the calculation of the quasi-chemical model and KTH model is

too complex. Urbain model has a good viscosity prediction effect
for the conventional CaO, MgO, Al2O3, SiO2 quaternary system and
its sub-systems. Therefore, Urbain model was selected to predict
the viscosity of CaO-MgO-Al2O3-SiO2-Cr2O3 slag (or glass) system
discussed in this study.
2-3. Raman Spectroscopy

Raman spectroscopy is an analytical method applied to the study
of molecular structure [22], the most basic unit in the silicate melt
structure is the silicon oxygen tetrahedron, where the oxygen (Si-
Ob-Si) connected to two Si at the same time is the bridge oxygen,
and the oxygen (Si-Onb-M) connected to one Si and one metal cat-
ion is the non-bridge oxygen [23]. According to the different num-
ber of bridge oxygen in the same silicon oxygen tetrahedron, the
structural units in the silicate molecular network are defined as five
different silicon oxygen tetrahedrons Qn (Q stands for silicon oxy-
gen tetrahedron, n represents the number of bridge oxygen in the
tetrahedron, the value is 0, 1, 2, 3, 4), and these Qn have their own
characteristic lines in the Raman spectrum [24]. Among them, the
Raman displacement zone corresponding to Qn in the melt of CaO-
MgO-Al2O3-SiO2-Cr2O3 system is shown in Table 4.
2-4. Preparation of Water Quenched Samples

Before using Raman spectroscopy to analyze the molten slag after
water quenching (mainly the vitreous body), it is necessary to deter-
mine its amorphous properties [25], and the water quenching slag
can retain the structural information of the melt state, so the study
of the melt structure requires water quenching treatment of the mol-
ten slag. The mixed raw materials were placed in the corundum cru-

Table 3. Comparison of viscosity models
Model Model core features Characteristics Application

Urbain
Based on
Frenkel-Weymann
liquid viscosity model

There are different model parameters for different slag sys-
tems and the same set of parameters cannot be applied to
all slag systems.

CaO, MgO, Al2O3, SiO2, Cr2O3,
B2O3, MnO, FeO, PbO

Iida et al. Related to slag basicity It can be used to predict the viscosity of blast furnace slag
well, but only for a few simple systems. CaO, MgO, Al2O3, SiO2

Riboud et al.
Based on
Frenkel-Weymann
viscosity model

The prediction results of slag system containing K2O and
Na2O are good, but the applicable temperature and com-
position range are narrow.

CaO, MgO, Al2O3, SiO2,
K2O, Na2O

NPL Related to the optical
basicity of molten slag

It can get certain prediction effect for slag system without
Fe, but there is a large positive deviation.

CaO, MgO, Al2O3, SiO2, TiO2,
B2O3, MnO, FeO, BaO, Li2O

Quasi-chemical Related to slag structure The calculation is too complicated and the corresponding
model parameters are not given. CaO, MgO, Al2O3, SiO2, FeO

KTH Based on absolute rate The viscosity is related to the Gibbs free energy of thermo-
dynamics, but the calculation is too complicated. CaO, MgO, Al2O3, SiO2

Table 4. The Raman shift region corresponding to Qn (n=0-4) line
Qn Raman shift region (cm1)
Q0 850-880
Q1 900-930
Q2 950-1,000
Q3 1,040-1,060
Q4 1,200
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cible and placed in the MoSi2 high-temperature electric furnace,
heated to 1,460 oC under an air atmosphere, and held for 3 h to
make the melt structure uniform, after the heat preservation, the
molten slag in the corundum crucible was quickly poured into water
to cool to obtain a water quenching sample. The water-quenched
sample was crushed below 200 mesh and tested using XRD. The
XRD test result is shown in Fig. 2, where there is no significant
crystallization peak, indicating that the sample is amorphous. Sub-
sequently, six groups of water-quenched samples were tested by
Raman spectroscopy.

RESULTS AND DISCUSSION

1. Urbain Model Optimization
Fig. 3 shows the viscosity-temperature (-T) data curves of six

sets of slag (or glass), indicating that in the range of 1,300-1,460 oC,
when the basicity is unchanged, the increase in Cr2O3 content leads
to a decrease in the viscosity of the slag macroscopically. In this

Fig. 2. XRD test result of water quenched sample.

Fig. 3. “-T” curves of six groups of samples. Fig. 4. Fitting curves of slope B and intercept lnA.

study, at the glass melting temperature of 1,460 oC, the viscosity of
molten slag (or glass) measured ranged from 0.547 Pa·s to 0.694
Pa·s (see Fig. 3), and the melt fluidity was good. With the increase of
Cr2O3 content, the amount of magnesium-chromium spinel formed
by Cr2O3 and MgO in the melt should have increased [26], but
the glass viscosity showed a downward trend. The results indicate
that magnesium-chromium spinel does not exist or exists in small
amounts, but it has little effect on melt viscosity. This point can be
confirmed by XRD test result of glass phase after rapid cooling of
melt (see Fig. 2). No magnesium-chromium spinel phase is found
in the XRD images, so the slag (or glass) melt is considered to be a
Newtonian fluid with low viscosity.

Building a mathematical model from several sets of measured
-T data can be used to predict the viscosity of slag (or glass) of
CaO-MgO-Al2O3-SiO2-Cr2O3 systems, saving time and money, and
is of great significance for improving the efficiency of glass-ceram-
ics preparation. The Urbain model is based on the Weymann-Fren-
kel equation [27], whose -T relation is as follows [28]:

(1)

(2)

where  is the viscosity (Pa·s), T is the absolute temperature (K),
A is the pre-index factor, B is viscous activation energy, m and n are
both pending constants that can be determined experimentally.

The Urbain model has different pending constants m, n for dif-
ferent systems [29], so it is necessary to determine the m and n val-
ues applicable to the CaO-SiO2-MgO-Al2O3-Cr2O3 five-element
system to predict the viscosity of the slag (or glass) system. First,
the pending constants m and n in the Urbain model were deter-
mined from the -T data of the experiment [30].

For each sample, its -T satisfied formula (1) =ATexp(1,000B/T).

Dividing both sides of the formula by T, and 

can be obtained by logarithm. Take  as abscissa and  as

ordinate, makes  the relation curve, and obtains the

   AT 1,000B/T exp

  A  mB   nln



T
---    B1,000

T
------------    Alnln

1,000
T

------------



T
---ln



T
---   

1,000
T

------------ln
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corresponding slope B and intercept lnA through linear fitting.
The fitting results are shown in Fig. 4 and Table 5, and the fitting
correlation coefficients R2 are all higher than 0.995.

According to formula (2)  the lnA and B of the
six samples in Table 5 were plotted again. The slope m and the ordi-
nate intercept n of the fitted line are obtained as shown in Fig. 5
[31], and the correlation coefficient R2 is 0.955. From Fig. 5, we
can see that the values of m and n are 0.60 and 5.17, respectively,
so the formula (3) applicable to the CaO-MgO-Al2O3-SiO2-Cr2O3

system can be determined as follows:

(3)

2. Effectiveness Analysis of the Optimized Urbain Model
2-1. Calculation of B Value in Urbain Model

After obtaining the pending constants m and n suitable for the
CaO-SiO2-MgO-Al2O3-Cr2O3 system, the viscosity of the slag (or
glass) of the CaO-SiO2-MgO-Al2O3-Cr2O3 system can be carried

  A    mB   n,ln

  A   0.60B   5.17ln

Fig. 5. m, n parametric fitting curve.

Table 5. Linear fitting results
Numbering B lnA R2

S1 25.57 20.48 0.997
S2 24.54 19.91 0.997
S3 25.24 20.24 0.995
S4 24.50 19.77 0.997
S5 24.89 19.91 0.998
S6 25.84 20.58 0.996

Table 6. Urbain model parameters

i
ai bi ci

Mg Ca Mg Ca Mg Ca
0 13.20 15.90 41.50 18.60 45.00
1 30.50 54.10 117.20 33.00 130.00
2 40.40 138.00 232.10 112.00 298.60
3 60.80 99.80 156.40 97.60 213.60

Table 7. Composition of CaO-MgO-Al2O3-SiO2-Cr2O3 system slag
in the literature (mass fraction, %)

Numbering CaO MgO Al2O3 SiO2 Cr2O3

A1 33.33 8.20 23.20 32.67 2.00
A2 37.00 8.00 17.00 37.00 1.00

out. The value of viscous activation energy B in the Urbain model
needs to be calculated first, and the specific calculation formula and
parameters are shown in formulas (4)-(10) and Table 6 [32-34].

(4)

where the molar fractions of the three types of oxides in the slag
(or glass) applicable to this study (the molar fractions after the nor-
malization of the three types of oxides) are expressed as follows (Xi

is the molar fraction of the components):

acid oxide: (5)

basic oxide: (6)

amphoteric oxide: (7)

The BM value of different basic oxides is:

(8)

 (i=0-3) (9)

(10)

The values of ai, bi and ci in Urbain model are shown in Table 6.
The value of viscous activation energy B was calculated by using

the parameters in formulas (4)-(10) and Table 6. The value of B
was substituted into formula (3) to obtain the value of pre-expo-
nential factor A, and then the A value and the B value were substi-
tuted into formula (1), and the viscosity value at a specific tem-
perature can be predicted by the Urbain model.
2-2. Effectiveness Analysis of Urbain Model

To further verify the effectiveness of the optimized Urbain vis-
cosity model, the model was used to calculate the viscosity of 66
data at 11 temperature points in the range of 1,400 to 1,500 oC under
six groups of Cr2O3 content in this study, and the calculated val-
ues were compared with the experimented values. The compari-
son curves of the six groups of samples are shown in Fig. 6.

In order to verify the universality of the optimized Urbain model,
according to the chemical composition of the slag of CaO-MgO-
Al2O3-SiO2-Cr2O3 system in the relevant literature (as shown in Table
7 A1 and A2) [35,36], the viscosity values of A1 and A2 were cal-
culated by using the optimized Urbain model in this study, a total
of 22 data, and compared with the experimented viscosity values
in the literature. The comparison curves of A1 and A2 are shown
in Fig. 7.

As can be seen from Fig. 6 and Fig. 7, there is a certain error
between the experimented viscosity value and the calculated vis-
cosity value, and the viscosity error calculation is carried out by the
relative error formula (11) [37].

B  
XMBM

XM
--------------------

XG   XSiO2

XM   XMXO

XA  XAl2O3

BM   B0    B1XG  B2 XG 
2

   B3 XG 
3

Bi   ai   bi
M
   ci

M


  
XM

XM + XA
--------------------------
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(11)

In the formula, —error,
n—the number of all experimental data,
Calc—the calculated viscosity,
Exp—the experimented viscosity.

According to the calculation, the viscosity errors of the six groups
of samples in this study are 14.80%, 5.89%, 2.65%, 2.84%, 5.89%
and 9.80%, respectively, and the average error is 6.98%. The vis-
cosity errors of A1 and A2 in the literature data are 11.87% and
2.88%, respectively. In industrial production, 20% of the error is
acceptable [38], indicating that the optimized Urbain model can
achieve effective prediction effects, and has universality for predic-
ting the slag (or glass) viscosity of CaO-MgO-Al2O3-SiO2-Cr2O3

system.
3. Raman Spectroscopy Analysis of Melt Structure

The Raman spectra lines of silicate melt structure are mainly
envelope lines formed by overlapping characteristic spectra peaks
of various structural units. The high frequency region of Raman

spectrum 800-1,200 cm1 can better reflect the variation law of melt
tetrahedron unit Qn, so the high frequency region is selected as the

  
1
n
---

Calc  Exp

Exp
------------------------- 100%

Fig. 6. Comparison of experimented viscosity and calculated viscosity of six groups of samples.

Fig. 7. Comparison of experimented viscosity and calculated viscosity of A1 and A2.

Fig. 8. Raman spectral curves of water quenched samples.
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main research band [39]. Fig. 8 shows the Raman spectral enve-
lope lines of the water quenched samples with Cr2O3 mass frac-
tion of 0.85%, 1.11%, 1.36%, 1.60%, 1.83% and 2.05%, respectively,
in the high frequency region.

It can be seen from Fig. 8 that when the mass fraction of Cr2O3

increases from 0.85% to 2.05%, the band around 890 cm1 of the
Raman curve gradually shifts to the left, indicating that the increase
of Cr2O3 content causes certain changes in the structural units of
silicate melt [40]. To further explore the change of melt structure,
Peakfit software was used for peak splitting and fitting analysis of
the envelope lines in the 800-1,200cm1 band to separate each micro-
structure information in Qn, and Q4 with weak vibration mode
strength in this band that was ignored [41]. The peak splitting results
of all envelope lines are shown in Fig. 9(a)-(f), where the fitting
correlation coefficient r2

0.998.

It can be seen from Fig. 9 that the peak positions of Qn are all
within the range of the corresponding Raman displacement region.
With the increase of Cr2O3 content in the glass, the peak levels of
Q0 and Q1 are significantly offset to the low band, the peak level of
Q2 does not change much, and the peak position of Q3 shows a
trend of shifting to the high band, indicating that the increase of
Cr2O3 content results in the change of Qn structure [42]. The area
of the curve under the Q3 peak can characterize the number of
more complex silicon oxygen tetrahedrons, the change of the rela-
tive area of Q3 (the ratio of the area of the Q3 curve to the area of
the corresponding envelope line) with Cr2O3 content is shown in
Fig. 10 [43].

As can be seen from Fig. 10, when the mass fraction of Cr2O3

increases from 0.85% to 1.36%, the relative area of complex silicon
oxygen tetrahedrons Q3 is between 7%-10%, and when the mass

Fig. 9. (a)-(f) Envelope peaking results of water quenched samples with different Cr2O3 content.
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fraction of Cr2O3 continues to increase from 1.60% to 2.05%, the
relative area of Q3 decreases to 2%-3%. When the mass fraction of
Cr2O3 increases from 1.36% to 1.60%, the relative area of Q3 falls
from about 9% to about 2%, which is due to the significantly en-
hanced effect of Cr2O3 as a modifier to destroy the network. The
basic structural unit of SiO2 in silicate melt is regular tetrahedral
structure SiO4

4, which is connected with other tetrahedron by
sharing O2. The more SiO4

4 are polymerized, the more shared
O2 numbers are needed, and the more complex the structure of
silicon-oxygen complex ions. When the mass fraction of Cr2O3 in-
creases continuously, as a network modifier, Cr2O3 will continu-
ously damage the network structure, dissociate the O2 that con-
nects SiO4

4 to other tetrahedrons, and the silicon oxygen tetra-
hedrons with complex structure can be broken [44-46]. As a result,
the structure of silicon-oxygen complex ions can be simplified,
which is also verified by the band moving to the direction of low
wave number in the Raman spectrum curve in Fig. 8 [47]. In Fig.
8, with the increase of Cr2O3 content, the vibration intensity of
Raman spectral envelope increases gradually, indicating that the
total number of silicon-oxygen complex ions increases, which is
caused by the disintegration of complex silicon oxygen tetrahe-
drons (Q3) into more simple silicon oxygen tetrahedrons (Q0, Q1,
Q2). The three-dimensional network of silicates is broken down
into isolated chains, layers, and rings of ionic fluid units, resulting in
sparse network structure and reduced macroscopic viscosity [48].

CONCLUSIONS

When the mass fraction of Cr2O3 is in the range of 0.85%-2.05%,
the temperature and basicity are fixed, and the slag (or glass) vis-
cosity of CMAS system decreases with the increase of Cr2O3 con-
tent. The optimized Urbain model was used to calculate the viscosity
values of the six groups of samples in this study and the samples
of the same system in related literatures. The error between the
calculated values and the experimented viscosity values is less than
20%, which meet the requirements of industrial production, indi-
cating that the optimized Urbain model is effective and universal

for slag (or glass) of CaO-MgO-Al2O3-SiO2-Cr2O3 system. With
the increase of Cr2O3 content, the peak levels of Q0 and Q1 are sig-
nificantly offset to the low band, the peak level of Q2 does not
change much, and the peak level of Q3 shows a trend of shifting to
the high band, indicating that Cr2O3 simplifies the Qn structure of
silicon oxygen tetrahedron melt in CMAS system. With the increase
of Cr2O3 content, the relative area of complex silicon oxygen tetra-
hedrons Q3 is reduced from 9% to 2%; in addition, the vibration
intensity of the Raman spectral envelope gradually increases, indi-
cating that the total number of silicon-oxygen complex ions in the
system increases. This is due to the disintegration of complex sili-
con oxygen tetrahedrons (Q3) into a larger number of simple silicon
oxygen tetrahedrons (Q0, Q1, Q2), resulting in sparse melt network
structure and reduced macroscopic viscosity.
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