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Abstract
The effect of TiO2 on the viscous behaviours of mineral wool melts containing CaO−SiO2−Al2O3−MgO-
TiO2 were studied at acidity coe�cient Mk in the range of 1.0–1.6 and TiO2 content in the range of 0–
6wt%. Based on the experimental data, the critical temperature and activation energy were calculated to
analyse the changes in viscosity �ow. The morphology and phase of slag were clari�ed by scanning
electric microscopy with energy dispersive spectroscopy and X-Ray diffraction. Fourier transformation
infrared and Raman spectra were used to obtain information about the variations in melt structure. The
results showed that the viscosity decreased with increasing TiO2 content. The critical temperature (Tcr)
was 1537–1645K, and it was relatively stable when the acidity coe�cient Mk is 1.3. The activation
energy decreased from 182.27, 178.48, 162.75 kJ/mol to 146.67, 139.28, 127.64 kJ/mol with increasing
acidity coe�cient Mk, respectively. With increasing TiO2 content, the fraction of main crystal phases
(CaSiO3) decrease and form perovskite (CaTiO3). In addition, relationships are found to exist between the
viscosity and structure of melt. The formation of Ti-O or O-Ti-O bonds weakens the stability of molten
slag, and the number of bridging oxygen decreases from 1.85 to 0.65.

1. Introduction
Mineral wool is an excellent energy-saving insulation material widely used in various �elds such as
industrial, heat and sound insulation; energy conservation in buildings; and for decoration [1, 2]. Several
methods are used to produce mineral �bres, including melt spinning method, rotating water spinning
method, and melt extraction. Of these, melt spinning is most commonly used in mineral wool production,
a process that consists of two primary steps: the melting of raw materials and centrifugal or blowing
spinning. In this process, viscosity of mineral melt is one of the most important factors in�uencing
processing operations and the quality of the mineral �bre [3, 4]. All of the production problems such as
high shot content, large �bre diameter, short �bre length and volumetric melt �ow deviation from the
optimum processing condition are related to melt viscosity properties. In order to ensure e�cient process
operations, the viscosity of melt should be controlled within a suitable range [5], which is essential to
maintain stable operation.

It is well known that viscosity is affected by both temperature and material composition, and the
temperature during the production process is relatively stable, but the raw material composition is not
identical. Of the raw materials of mineral wool (metallurgical slag, basalt, and others) [5, 6], blast furnace
(BF) slag is widely used as its chemical composition (primarily composed of SiO2, CaO, Al2O3 and MgO)
is similar to the materials in mineral wool. However, a certain amount of TiO2 is contained in blast
furnace slag due to the addition of titanium ores and titanium-containing pellets during BF protection
operations, which in�uences the viscosity of the mineral wool melts in the production process and further
affects the quality of the mineral wool �bres. Therefore, it is critical to study the effect of TiO2 on the
viscosity of mineral wool melt.
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Several studies have reported the effects of TiO2 on the physicochemical properties of metallurgical slag.
Yan et al. [7] reported that the viscosity of the quinary system CaO–SiO2–8 wt%MgO–14 wt%Al2O3–TiO2

with basicity (C/S = CaO/SiO2) in the range of 0.5–1.3 and found TiO2 decreased the viscosity of a
quinary slag system. Saito et al. [8] revealed that the apparent activation energy of viscosity �ow
decreased and the structural units became smaller with increasing TiO2 content in CaO-SiO2-Al2O3 slag
system. Gao et al. [9] proposed that the viscosity increased with the addition of TiO2 in the range of
23.46 wt%–26.45 wt%, which is the result of the formation of high melting point perovskite. The viscosity
experiments conducted by Park et al. [10] indicated that TiO2 acted as a basic oxide and depolymerized
complex silicate sheets into simpler structures in CaO-SiO2-10 wt%MgO-17 wt%Al2O3 slag. Work by Jiao
et al. [11] found TiO2 lowered the viscosity of CaO-SiO2-11.26 wt%Al2O3-9.13 wt%MgO-TiO2-FeO slag and
weaken the strength of the silicate network. Chang et al. [12] studied the effect of TiO2 and MnO on the
viscosities of CaO-SiO2-MgO-Al2O3-TiO2-MnO slag and discovered that the linkage between the [SiO4] and
[AlO4] tetrahedra decreased with the addition of TiO2. In conclusion, TiO2 has been extensively
investigated in metallurgical slag, but few studies have been conducted on the effect of TiO2 on the
viscous behaviour of mineral wool melt.

Therefore, in this study, the effect of TiO2 on the viscosity of SiO2-CaO-12 wt%Al2O3-8 wt%MgO slag
containing TiO2 content in the range of 0–6 wt% and an acidity coe�cient (Mk) in the range of 1.0–1.6
was investigated by using a rotating cylinder viscometer. In addition, the critical temperature and
activation energy were calculated to verify the structural changes of melts. And the morphology and
crystallisation were examined using scanning electric microscopy with energy dispersive spectroscopy
(SEM-EDS) and X-Ray diffraction (XRD). In addition, variations in the slag structure were qualitatively
analysed using Fourier transformation infrared (FTIR) and Raman spectroscopy. The in�uence
mechanism of TiO2 on the viscosity and structure of mineral wool melt were clari�ed to provide a
reference for the production of Ti-bearing mineral wool.

2. Experimental
2.1. Materials preparation

All experimental samples were prepared from analytical reagent grade powders of CaO, SiO2, Al2O3, MgO,
and TiO2. The materials used in the present work are listed in Table 1. These reagents were precisely
weighed at 150g to form given compositions and then mixed completely in a Mo crucible. The crucible
was then placed in an electric resistance furnace, heated to 1773K for pre-melting under Ar atmosphere
(99.999%, 0.3 L/min) and maintained for 180 min to ensure a more uniform sample composition. The
slag was then poured into water, and a number of pieces of the quenched sample were collected and
divided into three portions. The �rst portion of the sample was used to measure the viscosity of the melt.
The second part of sample was used to analyse the content of the chemical compositions of samples by
X-Ray �uoroscopy (XRF, S4 Explorer; Bruker AXS, Germany). The results of XRF and the designed contents
are included in Table 1. The last part of the quenched sample was used to analyse the slag structure
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through FTIR (Nicolet 6700; Thermo Fisher Scienti�c, USA) and Raman (inVia Re�ex; Renishawn, UK)
spectroscopy. The Origin software was used to manipulate the FTIR curves, and Peak�t was used to
subtract background and deconvolute the Raman spectra. Additionally, the quenched powders were
veri�ed to be amorphous by X-ray diffraction (XRD, D8 ADVANCE A25; Bruker AXS, Germany), which is
presented in Fig. 1.

Table 1. Experimental compositions of slags (composition in wt %)

  Initial composition Final composition by XRF analysis

No. CaO SiO2 Al2O3 MgO TiO2 Mk CaO SiO2 Al2O3 MgO TiO2 Mk

1 42 38 12 8 0 1.0 41.89 37.98 11.97 8.06 0 1.00

2 41 37 12 8 2 1.0 40.92 37.01 12.08 7.93 2.06 1.00

3 40 36 12 8 4 1.0 40.08 35.95 11.87 7.96 3.92 1.00 

4 39 35 12 8 6 1.0 38.90 35.13 11.95 8.05 5.97 1.00 

5 35.48 44.52 12 8 0 1.3 35.47 44.62 12.03 7.88 0 1.31 

6 34.60 43.40 12 8 2 1.3 34.63 43.36 12.06 7.97 1.98 1.30 

7 33.74 42.26 12 8 4 1.3 33.69 42.37 11.95 7.97 4.02 1.30 

8 32.87 41.13 12 8 6 1.3 32.83 41.17 11.93 8.04 6.03 1.30 

9 30.46 49.54 12 8 0 1.6 30.50 49.51 12.01 7.96 0.02 1.60 

10 29.69 48.31 12 8 2 1.6 29.71 48.27 11.98 8.03 2.01 1.60 

11 28.92 47.08 12 8 4 1.6 29.03 46.97 12.06 7.98 3.96 1.59 

12 28.15 45.85 12 8 6 1.6 28.12 45.90 11.97 8.01 6.00 1.60

 

2.2. Apparatus used for viscosity measurements

The slag viscosity measurement was conducted using the rotating cylinder method. The experimental
apparatus is shown in detail in Fig. 2. The U-shaped MoSi2 heating element in the furnace was used to
heat the apparatus. The furnace tube was composed of corundum and the experimental temperatures
were controlled by a Pt-6%Rh and Pt-30%Rh thermocouple inserted into the furnace. The measurement
error was less than ±2 K. When the rotating shaft was working, the torsion wire generated a twist angle
due to the viscous action of the slag. The computer then converted the twist angle into a time difference
signal and the slag viscosity values were calculated and recorded.

2.3. Experimental procedure

The viscosities of the slags were measured as follows. The pre-melted slag (110g) was held in a Mo
crucible. The Mo crucible was placed in a constant temperature zone of the reaction chamber in the
resistance furnace. The slag was heated to 1773K at the rate of 7K/min in Ar atmosphere and kept for
120 min to homogenize the composition of the slag before the spindle was immersed into the �uid slag.
The viscosity measurements were performed during the cooling cycle with an equilibration time of 10 min
at each temperature to ensure su�cient thermal equilibration. The measurements were also conducted
above the critical temperature of the melt. The critical temperature for the CaO–SiO2–12wt%Al2O3–
8wt%MgO–2.2wt% TiO2 slag is shown in Fig. 3. When the temperature was lower than 1593K, the value
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of the natural logarithm of the viscosity (lnη) increased signi�cantly, indicating that the large solid phase
began to precipitate, and the corresponding temperature was the critical temperature (Tcr). The
viscometer was calibrated using castor oil of a known viscosity before each viscosity measurement.
Following the viscosity measurements, the samples were heated to the critical temperature and kept for
90 min. The samples were then quenched on a water-cooled copper plate to con�rm the morphology and
element distribution using SEM-EDS (VEGA 3 XMU/XMH, Tescan, Czech Republic) and XRD, respectively.

3. Results And Discussion
3.1. Effect of TiO2 on viscosity of slag

The viscosities of the mineral wool melts based on CaO-SiO2-Al2O3-MgO-TiO2 at varying temperatures
with different acidity coe�cients Mk are shown in Fig. 4. The viscosity of the melt decreased with the
addition of TiO2 at a �xed acidity coe�cient Mk of 1.0, as shown in Fig. 4(a). However, the viscosity
increases with decreasing temperature and the reduced effect of TiO2 on slag viscosity at a higher
temperature. This was because the amount of excess thermal energy su�ciently modi�ed the intricate
network structure of the slag, and the effect of TiO2 was relatively weaker than that of high temperature.
The results were in good agreement with some previous studies. Sohn et al. [13] and Xu et al. [14]
concluded that the complex network structure is depolymerised to simpler structure with the addition of
TiO2, which decreases the slag viscosity. On the other hand, TiO2 connects with monomer ([SiO4]4-) to

form Ti-O-Ti linkages that replace the Si-O-Si linkages, because the ionic radius of Ti4+ (0.61Å) is larger
than that of Si4+  (0.41Å), the bond length of Ti-O (1.90Å) is longer than that of Si-O (1.60Å), the strength
of Ti-O-Ti linkages are weaker than those of Si-O-Si and the complicated network structure becomes
unstable. As a result, the viscosity decreases [15–17]. Fig. 4(b) shows that the increase in TiO2 content
lowers the viscosity of melt, which is consistent with the various trends in the acidity coe�cient Mk at
1.0. The viscosity of slag with a greater acidity coe�cient Mk is relatively high at the same temperature.
Although the high temperature weakens the in�uence of TiO2 on melt, the effect of TiO2 on decreasing
viscosity is still more obvious than for a lower acidity coe�cient Mk. This indicates that the temperature
of 1733 K is insu�cient to modify the network structure completely. Fig. 4(c) shows clearly that the
in�uences of TiO2 and temperature on the viscosity of slag are basically constant. However, with a further
increase in temperature to 1773K, the reductive effect of TiO2 on the viscosity is still obvious. This may
be because the mole fraction of complex silicate and aluminate unites increases with an increase in the
acidity coe�cient, and the slag structure tends to polymerise; however, the high temperature cannot
completely destroy the network structure. TiO2 still has a strong effect on the decrease in viscosity.

3.2. Effect of TiO2 on critical temperature

The critical temperature (Tcr) is de�ned as the temperature at which the viscosity increases sharply or the
slag behaves like non-Newtonian �uids in the cooling cycle [18–20]. The critical temperatures were
obtained from the temperature corresponding to the point of contact of a line with a slope of -1 on the
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viscosity curve. The effect of TiO2 on the critical temperature of slag is shown in Fig. 5. With the action of
TiO2, the critical temperatures of the experimental slags were in the range of 1549–1645K, which
indicates good melting properties and meets the requirements for mineral wool production. The
decreasing amplitudes of Tcr were 41.42K, 31.09K, and 38.53K as the acidity coe�cient Mk rose from 1.0
to 1.6. The critical temperature decreased with the increment of TiO2 content in the range of 0–6 wt%,
and the average decreasing range was 37.01K. This is assumed to be because TiO2 acts as network

modi�er, depolymerising complex silicate tetrahedron to chain ([Si2O7]6-) and monomer ([SiO4]4-). In
addition, slag with high acidity coe�cient has higher Tcr, and it is relatively stable when the acidity
coe�cient Mk is 1.3. Therefore, the effect of TiO2 on the Tcr of melt is weak at an acidity coe�cient Mk of
1.3, and TiO2 has little effect on the process of mineral wool production.

3.3. Activation energy for viscous �ow

All the viscosities of the slag were measured above the critical temperature. This means that all the
molten slags were in the �uid region, and the melt behaved as Newtonian �uids. Thus, the Arrhenius-type
equation was applied to express the temperature dependence of the viscosity η:

Eq. (1) can be taken logarithmically and written as the following.

where η, A, Eη, R, and T are the viscosity, pre-exponential factor, apparent activation energy of the slag,
gas constant (8.314J/mol·K), and absolute temperature, respectively.

The apparent activation energy represents the viscous �ow barrier, which can be calculated from the
relationship of 1/T and ln(η), and the variation re�ects the change in slag structure. Fig. 6 shows the
natural logarithm of viscosity (lnη) as a function of the reciprocal temperature (1/T) for 0–6 wt% TiO2

with an increase in the acidity coe�cient Mk from 1.0 to 1.6. The �tting lines (R2 > 0.99) are used to
calculate the activation energy. The intercept and slope of the �tting line represent lnA and Eη/R,
respectively. The apparent activation energy of melts is shown in Fig. 7.

The activation energy diminishes regularly with the addition of TiO2 and the decrease in the acidity
coe�cient from 1.6 to 1.0. The value of Eη is higher than that of a low Mk with the same TiO2 content.
There can be two possible reasons for the decrease in activation energy. On the one hand, the formation
of Ti-O or Si-O-Ti bonds weakens the stability of the slag structure. On the other hand, TiO2 acts as basic
oxide and simpli�es the Si-O reticular complex structure to chain or monomer, and the degree of
polymerisation (DOP) is reduced. The molar fraction of [SiO4]-tetrahedral and [AlO4]-tetrahedral units is
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reduced with the decrease in the acidity coe�cient Mk from 1.6 to 1.0, resulting in a diminished intricate
network structure and a decreased activation energy.

3.4. Area scanning analysis and phase compositions

To understand the slag microstructure at the critical temperature, back-scattered electron images of
quenched slags with acidity coe�cients Mk of 1.3 were characterised with SEM-EDS, as shown in Fig. 8.
The mineral wool melt clearly consists of both a solid phase and a liquid matrix. Large fractions of
dendritic crystal, the main crystal, are marked ‘1’ in the slag, and these disperse unevenly in the matrix.
Combining with BSE image EDS analysis, the dendritic particles can be considered as CaSiO3 (CS). In
addition, the phases marked ‘2’ represent the liquid matrix consisting of Ca, Si, Al, Mg, Ti, and O. The solid
phase particles become �ner and the crystal fraction decreases with the increase in TiO2 content,
suggesting that the resistance of slag �ow decreases. Thus, the melt has lower viscosity at the same
temperature with an increasing TiO2 content. Moreover, some grey and black regions are marked ‘3’, and
their composition can be expressed roughly as Ca2Al2SiTiO9 (Figs. 8(e)–(f)). With the increase in TiO2

content from 2wt% to 6wt%, the Ti element gathers around the dendritic crystal. Finally, the Ti combines
with Ca to form perovskite (CaTiO3), which is marked ‘4’, as shown in Fig. 8(h), and spinel, gehlenite, and
diopside are present in the crystal (based on a rough analysis by EDS). In brief, the fraction of solid
phases decreases with the increase in TiO2 content. The main crystals are CaSiO3, and Ti elements
gather around CS to form CaTiO3 when TiO2 is added to slag.

The slags followed by furnace cooling are analysed via XRD. The patterns obtained are shown in Fig. 9.
For the slag without any TiO2, the crystalline phases such as anorthite (Ca(Al2Si2)O8), calcium silicate
(CaSiO3), and spinel (MgAl2O4) exist and have high melting points to increase the resistance of the
viscous �ow. However, with increases in TiO2 content, the characteristic gehlenite, calcium silicate, and
spinel peaks become less pronounced, and the peak of spinel (MgAl2O4) disappears. In addition, a new
peak of perovskite (CaTiO3) appears, it may be caused by the reaction of TiO2 and gehlenite, calcium
silicate, and spinel, as seen in Figs. 8(e)–(h). Altogether, the addition of TiO2 decreases the mass fraction
of gehlenite, calcium silicate, and spinel while increasing that of perovskite.

3.4 Effect of TiO2 on slag structure using FTIR spectroscopy

The structure of slag affects viscosity, and the formation of complex network structure leads to an
increase in viscosity. Fig. 10 represents the FTIR absorption spectra of all the quenched slags. According
to previous studies [21–26], silicate slags are generally within the range of 1200 to 400 cm-1. From Fig.
10, the spectra can be divided into three regions: 1200–760 cm-1, 760–580 cm-1, and near 500 cm-1,
which correspond to the symmetric stretching vibration of the [SiO4]-tetrahedron, the asymmetric
stretching vibration of the [AlO4]-tetrahedron, and T-O-T (T: Si or Al) bending vibration, respectively.

Furthermore, the vibration bands for the [SiO4]-tetrahedron are assigned to , which represents the degree
of polymerisation of slags and “n” is the number of bridging oxygen in the silicate tetrahedral structure
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[27,28]. The , ,  and  were detected at ~860cm-1 ([SiO4]4-, monomer), ~915cm-1 ([Si2O7]6-, dimer), ~980cm-1

([Si3O10]8-, chain), and ~1060cm-1 ([Si4O10]4-, sheet), respectively. The structural units  and  in the [AlO4]-

tetrahedron are shown in Fig. 10, and a legible peak appears near 670 cm-1, which was caused by the
[AlO4]-tetrahedron.

Fig. 10(a) shows that there was a decreasing trend in the transmittance of [SiO4]-tetrahedral vibration
bands with increasing TiO2 content. The reason for the decrement in the [SiO4]-tetrahedron is that TiO2

acts as network modi�er, and it could form [TiO4]-tetrahedral units and incorporate silicate structures to
form Si-O-Ti units. It should be noted that the Ti-O bond is weaker than the Si-O bond. Thus, the
transformation process weakens the stability of melt and decreases the viscosity of melt. Generally, TiO2

is classi�ed as amphoteric oxide [29,30], but it behaves like basic oxide when the slag is acidic and
dissociates O2- to destroy the network of [SiO4]. The schematic in Fig. 11 illustrates the effect on the
structure of melt. The transmittance trough of the [AlO4]-tetrahedron became shallow and the shoulder at

712cm-1 shifted to 708cm-1 with the addition of TiO2    , whereas the peaks near 670 cm-1 became less
pronounced. This indicates that the distance of Al and O became shorter, the number of  decreased, and
the network structure was depolymerised. The peak of the T-O-T bending bond in the low wavenumber
region gradually reduced from 314 a.u. to 112 a.u., which suggests that the T-O-T bending became less
effective. Under an acidity coe�cient Mk of 1.3, the broad band of the [SiO4]-tetrahedron between 760cm-

1 and 1200cm-1 was greatly decreased with the addition of TiO2. Meanwhile, the /  ratio dramatically
decreased as a result of TiO2, which represents the amount of bridge oxygen and DOP of slag reduce.
Some distinct changes in the stretching vibration of the [AlO4]-tetrahedron could be observed. In addition
to the trough depth of the [AlO4]-tetrahedron becoming inconspicuous, the trough width also decreased
with an increase in TiO2 content. Furthermore, it could be observed that the peak of T-O-T bending was
gradually reduced from 253a.u. to 49a.u., which indicates a decrement in the linkage between the [SiO4]
or [AlO4]-tetrahedron. The trends of the [SiO4]-tetrahedron, [AlO4]-tetrahedra and T-O-T bending at an
acidity coe�cient Mk of 1.6 were the same as in the previous results. However, the curves were not
smooth compared with those of 1.0 and 1.3 with the same TiO2 content. The results of FTIR spectra were
consistent with the changes in viscosity.

3.5 Effect of TiO2 on the slag structure using Raman spectroscopy

FTIR spectra are used in the qualitative analysis of slag structures, whereas a more de�nitive quantitative
analysis is necessary to provide clear information on the variations in the changes of the structural units.
Thus, in this study, Raman spectroscopy was used to quanti�ably analyse the changes in these units.

Fig. 12 exhibits the Raman spectra of the quenched samples at an acidity coe�cient Mk of 1.3. All the
spectral curves are deconvoluted into a Gaussian function with a minimum correlation coe�cient (R2 >
0.99) based on Mysen et al. [31]. The spectral curve of slag is divided into a high frequency region (800–
1200cm-1) and low-frequency region (600–800cm-1). The changes in peak intensity at different
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frequencies represent the variations in bridging oxygen (BO) bond contents of m(Si, Al, Ti)-O-n(Si, Al, Ti)
and the content of the Si-O-Si tetrahedra structural unit ( ). The characteristic peak of the original Raman
spectra in the high-frequency region (800–1200cm-1) shifts from 983cm-1 to 885cm-1 with the increasing
TiO2 content. This indicates that the simple silicate structure units gradually increase and that the DOP of
melt is reduced.

In previous studies [28,31–34], the band in the region of 800–1200 cm-1 is deconvoluted into four typical
peaks that label with the presence of tetrahedrally coordinated silicon (Q0, Q1, Q2, Q3) located at 850–
880cm-1, 900–920cm-1, ~1000cm-1, and ~1050cm-1, respectively. In addition, the bands centred at 650–
670cm-1 and near 725cm-1 appear in the low-frequency region, as shown in Figs. 12(b) and (c). The
corresponding Raman bands for the structural units are provided in Table 2.

Table 2. Corresponding Raman bands for the structural units

Frequencies (cm-1) Assignments

~710 O-Ti-O or O-(Si, Ti)-O bonds
850–880 [SiO4]4-   (Q0)
900–920 [Si2O7]6-  (Q1)
~1000 [Si2O6]4-  (Q2)
~1050 [Si2O5]2-  (Q3)

 

Fig. 12 and Table 2 show obvious increasing trends of Q0 and Q1, whereas the fraction of Q2 and Q3

decreases with the increasing TiO2 content. The peaks of the Ti-O and O-Ti-O bonds centred at near

650cm-1 and 710cm-1 appear when TiO2 is added to slag, and that percentage increases with the addition

of TiO2. Reynard et al. [35] proposed that the Ti-O bonds in coordinated Ti4+ act as network modi�ers at

the frequency range of 600–650 cm-1. Thus, the increment in the percentage of the Ti-O and O-Ti-O bonds
suggests the intricate structure shifts to simpler structural units, and the viscosity decreases. The results
of the spectra curves are not intuitive. Therefore, the speci�c data are given in subsequent discussions.

From the work of Frantz and Mysen [36], the relationship between the mole fractions of the structural
units and the relative areas for the deconvoluted bands are expressed by the following relation:

Xi = θi Ai                                                      (3)

where Xi is the mole fraction of species, θi is the Raman scattering coe�cient, and Ai is the band area of
the species.

However, because the Raman scattering coe�cient is not an absolute value, which is derived from the
absolute Raman intensity, calculating the relative abundances of different structural units from Raman
spectra is di�cult. Wu et al. [37] gave the four sensitivity factors Si, which are the reciprocals of θi, where
S0 = 1, S1 = 0.514, S2 = 0.242, and S3 = 0.09. Based on the results previously mentioned, the mole fractions
of the structural units could be expressed by the following equation.
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where Si is the reciprocal of θi.

The average number of bridging oxygen of slag on a Si atom (BO/Si) is obtained from the product sums
of the mole fraction of the various structural unit species (Xi) and the corresponding bridging oxygen. The
results of the average bridging oxygen number are summarised in Table 3.

Table 3. Results of the average bridging oxygen number in different slags

w(TiO2)% Q0 (%) Q1 (%) Q2 (%) Q3 (%) BO

0 7.67  18.84  54.05  19.44  1.85

2 10.36  29.71  35.54  24.39  1.74

4 30.21  18.18  33.61  16.00  1.39

6 51.74  34.28  11.31  2.67  0.65

 

It can be seen clearly that the content of Q0 gradually increases, whereas Q2 decreases with the increase
in TiO2 content. The fractions of Q1 and Q3 increase �rst with increasing of TiO2 content from 0wt% to

2wt% and then decreases with the further addition of TiO2 from 2wt% to 6wt%. This assumes that the Q2

depolymerises to Q1 or Q3, which can be expressed by the following equation.

Q2↔Q1+Q3                                  (5)

It should be noted that the percentage of the complex network structure (Q2 and Q3) gradually decreases
and the simple structure (Q0 and Q1) increases with TiO2 content from 2wt% to 6wt%, which further
proves that TiO2 weakens the strength of the silicate structure and decreases the DOP of mineral wool
melt.

4. Conclusion
The viscosity of mineral wool melt was measured under Ar atmosphere in fully liquid region, and the slag
structure was veri�ed using FTIR and Raman spectra. Good agreement was obtained among viscosity,
critical temperature, activation energy, and changes in slag structure. The present study can be
summarised as follows:

1. TiO2 as a network modi�er plays a role of depolymerisation in mineral wool melt, and the viscosity of
slags decreases with increasing TiO2 content from 0wt% to 6wt%.

2. The critical temperature and activation energy decrease with the addition of TiO2 content, and the
critical temperature is relatively stable when the acidity coe�cient Mk is 1.3. Simultaneously, the
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melting temperature is controlled between 1553K and 1773K, and the viscosity (0.513–2.214 Pa·s)
meets the requirements of mineral wool production of mineral wool �bre.

3. TiO2 reduces the fraction of solid phases (CaSiO3). However, based on an observation of the slag
crystallisation process with the addition of TiO2, Ti combines with Ca to form perovskite (CaTiO3).

4. The increase in TiO2 causes an increase in Q0 and Q1 and a decrease in Q2 and Q3 in mineral wool
melts. The amount of bridge oxygen gradually decreases, which lowers the DOP of slag.
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Figure 1

The XRD pattern of SiO2-Al2O3-CaO-MgO-TiO2 slag

Figure 2

Schematic of the experimental apparatus
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Figure 3

Critical temperature of CaO-SiO2-Al2O3-MgO at Mk = 1.6
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Figure 4

Effect of TiO2 on viscosity of the CaO-SiO2-Al2O3-MgO-TiO2-based slags at different temperatures and
acidity coe�cients: a) acidity coe�cient Mk = 1.0; b) acidity coe�cient Mk = 1.3; c) acidity coe�cient Mk
= 1.6
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Figure 5

Effect of TiO2 on the critical temperature of slag
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Figure 6

lnη versus 1/RT with all slags in the fully liquid region
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Figure 7

Apparent activation energy of melts

Figure 8
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SEM images and EDS results of mineral wool melts with acidity coe�cients Mk of 1.3 at the critical
temperature. (a)-(h): BSE images of melts; (i)-(l): EDS results of phases marked “1” to “4”, where “1”
indicates CaSiO3; “2” liquid phases; “3” MgAlTiO6; and “4” CaTiO3

Figure 9

XRD patterns of mineral wool melt with different TiO2 content (Mk=1.3)
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Figure 10

FTIR results of the as-quenched samples with various TiO2 content. a) acidity coe�cient Mk = 1.0; b)
acidity coe�cient Mk = 1.3; c) acidity coe�cient Mk = 1.6
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Figure 11

Schematic showing the effect on the structure of melt (a) transformation process of Ti4+ substitute for
Si4+ in tetrahedral; (b) depolymerisation process of Si-O bonds
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Figure 12

Raman spectra of quenched samples with different TiO2 content: a) 0wt% TiO2; b) 2wt% TiO2; c) 4wt%
TiO2; d) 6wt% TiO2


