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1  |   INTRODUCTION

Advanced high-strength steel (AHSS), including 
transformation-induced plasticity steel and twinning-induced 
plasticity steel have received intense interest in recent years 
because of their excellent combination of high strength, good 
ductility, and lower density.1,2 In transportation applications, 
AHSS can be used to design structures with smaller material 
thicknesses, which saves weight and thereby decreases the 
fuel consumption and CO2 emissions of vehicles.3

However, one of the challenging concerns for production 
of AHSS in industrial scale is the strong reaction between steel 

and mold fluxes during continuous casting,4 which typically 
leads to problems of lubrication and heat transfer between 
mold and solidifying steel.5 Mold fluxes play an indispens-
able role in continuous casting of steels and provide two crit-
ical functions as lubricating the steel shell and controlling 
the horizontal heat transfer. The fulfillment of functions for 
mold fluxes relies on the properties of mold fluxes, for ex-
ample, viscosity at high temperature (more than 1000°C) and 
crystallization from molten and glassy fluxes. Therefore, one 
of the most important tasks for the production of AHSS is to 
develop mold fluxes that could meet the demand of smooth 
casting of steel. One solution for this is to develop nonreactive 
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Abstract
The structure of CaO–Al2O3–B2O3–BaO glassy slags with varying mass ratio of BaO 
to CaO has been investigated by Raman spectroscopy, 11B and 27Al magic angle spin-
ning nuclear magnetic resonance (MAS-NMR) spectroscopy and atomic pair distri-
bution function (PDF). 11B MAS-NMR spectra reveal the dominant coordination of 
boron as trigonal. Both simulations on 11B MAS-NMR spectra and Raman spectros-
copy indicate the presence of orthoborate as the primary borate group with a few 
borate groups with one bridging oxygen and minor four-coordinated boron sites. 27Al 
MAS-NMR and PDF show the Al coordination as tetrahedral. Raman spectral study 
shows that the transverse vibration of AlIV–O–AlIV and AlIV–O–BIII, stretching vibra-
tion of aluminate structural units and vibration of orthoborate and pyroborate struc-
tural groups. A broader distribution of Al–O bond lengths in PDF also supports the 
enhanced network connectivity. Viscosity measurements show the increase in viscos-
ity of molten slags with increasing mass ratio of BaO to CaO, which further attributes 
to the enhanced degree of polymerization of the aluminate network.
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or less-reactive mold fluxes for casting AHSS to restrict the 
reaction between mold fluxes and steels.6 There are many 
types of nonreactive or less-reactive mold fluxes, for exam-
ple, CaO–Al2O3–B2O3–based and CaO–Al2O3–CaF2–based 
glass, have been developed in recent years6–10; however, their 
local interaction mechanism among individuals in structure 
has still been a great concern due to the effect of short-range 
structural ordering on properties.

BaO was reported to be one of the potential additives for 
optimization of physical properties of nonreactive or less-
reactive mold fluxes. Xiao et al.11 investigated the effect of 
BaO on the crystallization of CaO–Al2O3– based nonreactive 
mold fluxes and found that BaO shows a stronger tendency 
to inhibit crystallization of mold flux compared with B2O3. 
Yan et al.9 found that the substitution of CaO with BaO re-
tards the crystallization of CaO–Al2O3–based mold fluxes. 
Li et al.12 measured the viscosity of CaO–BaO–Al2O3–CaF2–
Li2O mold fluxes with varied BaO substitution for CaO and 
found increased viscosity with increasing BaO as a substitute 
for CaO. Wang et al.13 investigated the effect of substitution 
of CaO with BaO on the viscosity and structure of CaO–
BaO–SiO2–MgO–Al2O3 glass. These results showed that the 
viscosity of molten glass increased with increasing BaO sub-
stitution, which was correlated to an increase in the degree of 
polymerization of the glass.

CaO–Al2O3–B2O3–based mold fluxes have been pro-
posed by many researchers as the most promising mold 
fluxes in casting of AHSS but still have some disadvantages, 
for example, strong crystallization and poor lubrication.6,8 
Because BaO was reported to inhibit the crystallization of 
mold fluxes, it will be very interesting to investigate the ef-
fect of BaO on the properties of CaO–Al2O3–B2O3-based 
mold fluxes. It has also been reported 13 that the physical 
properties of glass are strongly correlated to the structure, in 
particular the local structure due to the amorphous nature of 
glass. Therefore, understanding the effect of BaO on the local 
structure of CaO–Al2O3–B2O3-based mold fluxes is essential 
to the development of CaO–Al2O3–B2O3-based nonreactive 
mold fluxes. Only a few structural and viscosity studies on 
BaO-bearing mold fluxes were reported.11–13 There is still a 
lack of insight on the effect of BaO on the local structure and 
its impact on the viscosity of CaO–Al2O3–B2O3 fluxes.

Aluminoborate glasses are interesting materials owing 
to their excellent dielectric, conductivity, chemical resistiv-
ity properties.14–16 There have been many structural studies 
on aluminoborate glasses mainly using 27Al and 11B magic 
angle spinning nuclear magnetic resonance (MAS-NMR) 
and Raman spectroscopy.23 However, these studies mainly 
focused on the glass compositions with network modifier 
content lower than 50  mol%. In comparison, mold fluxes 
usually have higher network modifier content to maintain 
a low viscosity value at high temperature.6–9 It is necessary 
to investigate the structure and properties of aluminoborate 
systems with higher network modifier content to meet the de-
mand for the development of mold fluxes.

In this work, the local structure of three CaO–Al2O3–
B2O3–BaO slags with varying mass ratio of CaO to BaO is 
determined by the total scattering atomic pair distribution 
function (PDF), Raman spectroscopy, and 27Al and 11B MAS-
NMR. The total mass fraction of network modifier (CaO to 
BaO) is set to be 48%, and the molar fractions of network 
modifier (CaO and BaO) vary from 60.7% to 57.2% to sim-
ulate the practical composition of mold fluxes. The viscosity 
of CaO–Al2O3–B2O3–BaO molten slags has been measured 
by the rotating cylinder method to support the structural char-
acterization results.

2  |   METHODS AND EXPERIMENT

2.1  |  Sample preparation

Reagent grade CaCO3, BaCO3, Al2O3 and H3BO3 (all pu-
rity >99.5%) were adopted as raw materials. CaO was ob-
tained by calcining CaCO3 at 1050°C for 10 hours. BaCO3 
and Al2O3 powders was also calcined at 600°C to remove 
the moisture. The content of B2O3 in glasses were measured 
using inductively coupled plasma optical emission spectros-
copy (Perkin Elmer, OPTIMA 7000DV) by dissolving glass 
in hydrochloric acid. The chemical compositions of glass 
samples are shown in Table 1.

The weighted powders were mixed and ground in an agate 
mortar, and then the powder mixtures were pressed into pel-
lets. The pellets were put in a platinum crucible and melted 

T A B L E  1   The chemical composition (weight percentage and molar percentage) of glassy samples investigated in the present study

Sample No. CaO Al2O3 B2O3 BaO (CaO + BaO) Tg / °C

Ba0 wt% 49.1 ± 0.1 42.9 ± 0.1 8.0 ± 0.1 0 49.1 ± 0.1 762 ± 1

mol% 62.1 ± 0.1 29.8 ± 0.1 8.1 ± 0.1 0 62.1 ± 0.1

Ba5 wt% 44.4 ± 0.1 43.4 ± 0.1 7.0 ± 0.1 5.2 ± 0.1 49.6 ± 0.1 764 ± 1

mol% 58.6 ± 0.1 31.4 ± 0.1 7.4 ± 0.1 2.5 ± 0.1 61.1 ± 0.1

Ba10 wt% 39.1 ± 0.1 43.0 ± 0.1 7.7 ± 0.1 10.2 ± 0.1 49.3 ± 0.1 760 ± 1

mol-% 53.7 ± 0.1 32.6 ± 0.1 8.5 ± 0.1 5.2 ± 0.1 58.9 ± 0.1
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at 1550°C for 2 hours in a furnace with MoSi2 as heating 
elements. After melting, the melts and crucible were taken 
out quickly from the furnace and quenched into the water. 
The amorphous states of quenched samples were verified by 
X-ray diffraction. Figure 1 shows high-energy synchrotron 
X-ray diffraction patterns for all the three samples, collected 
at the Canadian Light Source, indicating their short-range 
order. As seen in Figure 1, there are no crystalline peaks 
in all patterns, indicating the glassy state of all the stud-
ied samples. The high-energy diffraction data show a few 
peaks between 3 and 10°, indicating a very small amount 
of a crystalline phase, which is not the focus of this work. 
The glass transition temperatures of investigated glasses are 
determined by differential scanning calorimetry, which was 
performed using a thermal analyzer (Netzsch STA449F3) 
at a heating rate of 20°C/min. The measured glass transi-
tion temperatures are also listed in Table 1. Afterward, the 
quenched samples were subject to the Raman spectroscopy, 
MAS-NMR characterization and total scattering atomic 
PDF measurements.

2.2  |  Raman spectral and MAS-NMR 
characterization

Raman spectroscopy measurements of these glassy samples 
were carried out on a laser confocal micro-Raman spectrom-
eter (LabRAM HR evolution, Horiba). Raman spectra were 
acquired in the frequency range of 100 to 2000 cm−1 by using 
He-Cd laser with an excitation wavelength of 532 nm. The 
acquired spectra were deconvolved by Gaussian peak func-
tion fittings.24 The widths of peaks were set to be fixed dur-
ing deconvolution procedures.

The 11B and 27Al MAS-NMR spectra were collected at a 
solid-state 600 MHz Fourier transform nuclear magnetic res-
onance spectrometer (Model: JNM-ECZ600R, Jeol ltd) at the 
field strength of 14.1 T(600 MHz), using a MAS probe with 
3.2 mm ZrO2 rotor. The resonance frequencies for 11B and 
27Al are 192 MHz and 156 MHz. The Spinning rates were 
18 kHz for 11B and 27Al MAS-NMR measurements. The re-
laxation delay time, pulse length, and tip angle are 5 s, 0.4 μs, 
and 18 degrees for 11B and 27Al MAS-NMR measurements, 
respectively. 1 M AlCl3 and H3BO3 aqueous solutions were 
taken as reference materials for chemical shifts of 27Al and 
11B spectra, respectively. The 11B MAS-NMR spectra were 
fitted with the Dmfit program.25,26 Second-order perturbation 
theory was used to simulate the peak of three-coordinated 
boron structural units, and Gaussian/Lorenz peak was used to 
simulate the contribution of four-coordinated boron.

2.3  |  Viscosity measurements

The viscosities of molten slags were measured by a rotary-
type viscometer (Brookfield, model DV2T). The spindle and 
crucibles for viscosity measurements were made by the mo-
lybdenum. The viscometer was calibrated at room tempera-
ture by using a standard silicone oil with a known viscosity 
value of 495 mPa·s. More detailed description of the viscom-
eter can be found in our previous publication.27

Slags with a mass of 140 g were prepared and put in a 
molybdenum crucible, then the crucible was loaded in the 
even temperature zone of a vertical electrical resistance fur-
nace with MoSi2 rods as heating elements. High-purity argon 
(99.99%, 400 mL/min) was led into the furnace as a protec-
tive atmosphere. The slags were melted at 1873 K for 30 min 
and then cooled to the desired temperatures with a cooling 
rate of 5 K/min. After the furnace reached the desired tem-
perature, the crucible was held at that temperature for 30 min 
to homogenize the melts. Then the working spindle (bob di-
ameter: 14 mm; bob length: 20 mm; shaft diameter: 6 mm) 
was immersed in the middle of the molten glass, and the vis-
cosities of the glass were measured at three different rotating 
speeds to confirm the Newtonian behavior of molten slag.

2.4  |  High-energy diffraction and pair 
distribution function measurements

Total scattering data were collected on all three glass sam-
ples at the Brockhouse high-energy wiggler beamline of 
the Canadian Light Source using λ = 0.193826 Å radiation 
and a Perkin Elmer area detector with 200  ×  200  µm pix-
els and a 40 × 40 cm area. The sample to detector distance 
was 154.3 mm. The wavelength was calibrated using a LaB6 
standard. The samples were loaded into Kapton capillaries 

F I G U R E  1   Synchrotron X-ray diffraction patterns for all 
quenched samples [Color figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
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with 0.9 mm inner diameters. The data were processed using 
GSAS-II.28 A Qmax of 26 Å−1 and Lorch dampening was used 
to produce the PDFs.

3  |   RESULTS

3.1  |  Theoretical consideration

Extensive spectroscopic studies have been performed on the 
structure of alkali metal or alkali earth metal aluminoborate. 
Although the compositions of these glasses have lower con-
tent of network-modifying oxide than the present glasses. 
The structural knowledge of aluminoborate glasses derived 
by these studies can be extrapolated to give the hints for the 
structures of the present glasses.

According to the previous NMR studies, the charge com-
pensation of AlO4

5− by alkali metal cations or alkali earth 
metal cations is preferable compared with the formation of 
BO4. Besides, according to the glass composition listed in 
Table 1, the present glasses have larger amounts of alkali 
earth metal cations than the previously investigated glasses. 
The amount of Ca2+ and Ba2+ is much more than that re-
quired for the charge compensation. Therefore, it is specu-
lated that the aluminums in the present glasses mainly exist in 
four-coordination. However, the possible existence of minor 
five-coordinated aluminum (AlV) and six-coordinated alumi-
num (AlVI) should be checked by 27Al MAS-NMR.

In borate and borosilicate glasses,47–49 the initial addi-
tion of network modifiers leads to the conversion of three-
coordinated boron (BIII) to four-coordinated boron (BIV) with 
little or no formation of nonbridging oxygen (NBO). The four-
coordinated boron can further convert to three-coordinated 
boron groups with 1, 2, and 3 NBOs if enough network 
modifiers are added. In sodium aluminoborate glasses, three-
coordinated boron species containing 1 or 2 NBO has been 
found in glass composition with relatively high concentration 
of network-modifying oxide by 11B MAS-NMR.18 The pres-
ent glasses have even higher content of network-modifying 
oxide than glasses in literature.18 Therefore, it is presumed 
that most of the four-coordinated boron has been converted 
into three-coordinated boron groups. The three-coordinated 
boron groups should dominate the structure of borate. Fully 
depolymerized three-coordinated boron species (with three 
NBOs) could be found in glass structure. The abundance of 
BIII and BIV can be easily obtained from the 11B MAS-NMR 
performed at high field strength, and the presumption of 
dominance of BIII can be verified.

Apart from the role of charge compensator, alkali earth 
metal cations can also lead to the formation of NBO asso-
ciated with AlIV, BIII, BIV. According to the above analyses, 
the BIV should be minor due to the large amount of network-
modifying oxide in the present glasses. Therefore, there is a 

competition between BIII and AlIV for the formation of NBO. 
It was proposed that the formation of NBO associated with 
Al is energetically less stable than NBO associated with B 
due to its higher localized charge (formal charges of B/NBO 
and Al/NBO are −1.0 and −1.25, respectively). If we assume 
that NBO is preferentially connected with boron, we can 
calculate the NBO numbers associated with BIII per boron 
site (NBO/B) from glass composition. For all samples, the 
NBO/B values can be calculated as 3, indicating that all boron 
exists as orthoborate. The NBO number associated with Al 
per aluminum site (NBO/Al) can be further calculated be-
cause extra network-modifying cation will depolymerize the 
aluminate network. The calculated NBO/Al values are 0.27, 
0.24, and 0.02. However, this calculation assumes complete 
B-NBO preference. The contribution of less depolymerized 
boron group (e.g., BIII with one bridging oxygen) could be 
probably found in NMR and Raman spectra, and the NBO/Al 
values based on spectroscopic data could be larger.

3.2  |  Structural characterizations

To characterize the short-range ordering of these glasses, 11B 
and 27Al MAS-NMR were performed on these glass samples. 
The 11B MAS-NMR spectra are shown in Figure 2. As can 
be seen in the figure, there is a broad envelope ranging from 
5 to 22 ppm accompanied with a slight peak centered around 
2 ppm. The strong broad envelope ranging from 5 to 22 ppm 
can be attributed to the resonance shift of three-coordinated 
boron (BIII).29–31 Based on previous NMR studies,29–31 the 
minor peak centered at around 2 ppm can be assigned to four-
coordinated boron (BIV). It can be seen from Figure 2 that 
three-coordinated boron BIII dominates boron species with 

F I G U R E  2   11B MAS-NMR spectra for various samples [Color 
figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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the presence of some minor BIV, which is consistent with the 
analysis based on previous studies on boroaluminate glass. 
After subtracting the baseline, the peaks for BIII and BIV are 
integrated to calculate the areas of peaks from which the 
molar percentages of BIII and BIV can be readily obtained. 
The calculated molar percentages of BIV are 1.46 ± 0.01%, 
1.18 ± 0.01%, and 1.36 ± 0.01% for Ba0, Ba5, and Ba10, 
respectively, indicating that there is only a minor existence 
of BIV in the present glasses.

The 11B MAS-NMR spectra can be further fitted by using 
the Dmfit program, and fitting results are shown in Figure 
3. The sharp peak near 2 ppm can be simulated by using the 
Gaussian function indicating that quadrupole coupling is 
weak due to the local symmetry of BIV. The broad envelope 
ranging from 5 to 22 ppm due to three-coordinated boron sites 
reflects the strong second-order quadrupolar effects and can 
be deconvolved by assuming second-order perturbation the-
ory implemented in Dmfit. It should be mentioned that all 
quadrupolar coupling parameters should be in distributions 
for glasses. For simplicity, here, only singular parameters 
were used for fitting to reproduce the experimentally observed 
line shape of glasses. It was found that a single peak cannot 
represent the broad peak of BIII, indicating multispecies bo-
rate in structures of glasses. For the sake of simplification, 
two peaks with isotropic chemical shift (δiso) near 21 ppm and 
19.5 ppm were used to simulate the broad envelope ranging 
from 5 to 22 ppm. According to NMR research on crystalline 
boron compound by Kroeker and Stebbins,32 the peak with 
δiso at around 21 ppm can be attributed to the orthoborate (T0, 
Tn indicates trigonal boron with n bridging oxygen) with zero 
bridging oxygen. This is consistent to our analysis in the sec-
tion of theoretical consideration that orthoborate should be 
preferable in structures of all glasses. The peak at lower δiso 
(19.5 ppm) can be attributed to the contribution of the boron 
connected (T1) with single bridging oxygen,18 which could be 
pyroborate or BIII–O–AlIV.

The deconvolution results for 11B MAS-NMR spectra 
are shown in Figure 3. The fitting parameters including cal-
culated area fraction (NT0, NT1, and N4 for T0, T1, and BIV, 
respectively), δiso, and quadrupole coupling parameters (PQ) 
are summarized in the Table 2. It can be seen from Table 2 
that the orthoborate structural unit is the main borate group 
in glass structures. There are also some T1 groups account-
ing for 14%–29% of structural groups. The existence of some 
T1 groups indicates the incomplete preference of B-NBO. As 
BaO content increases, the area fractions of T1 groups grad-
ually increase. Only minor four-coordinated boron (1%–2%) 
can be found in glass structure.

Figure 4 shows the 27Al MAS-NMR spectra for all stud-
ied samples. It can be seen from the figure that there is a 
strong peak centered at around 78 ppm, which reflects tetra-
hedral coordinated aluminum (AlIV).17–23,33,34 It can be fur-
ther observed that the peak is asymmetric and there are tails 
between 40 and 70 ppm, reflecting well-known second-order 

F I G U R E  3   Experimental and simulated 11B MAS-NMR spectra 
of various samples (A) Ba0; (B) Ba5; and (C) Ba10 [Color figure can 
be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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quadrupolar effects found in NMR spectra for nucleus with 
the spin quantum number greater than ½ (e.g., 27Al and 
11B).35,36 No signals of five-coordinated aluminum AlV (lo-
cated at around 30 ppm) and six-coordinate aluminum (AlVI) 
(located at around 10 ppm)17–23 were found in spectra for all 
samples. It can be concluded that aluminum exclusively ex-
ists as four-coordinated Al in the present glasses.

Raman spectroscopy was used to further investigate the 
short-ranged order and medium-ranged order in glasses. 
Figure 5 shows the Raman spectra of glassy samples inves-
tigated in the present work. The experimentally observed 
Raman spectra are similar to the previous Raman investiga-
tion results on CaO–Al2O3–B2O3,

23,37 CaO–Al2O3–B2O3–
Na2O,38 and CaO–Al2O3–B2O3–Li2O–Na2O 39 systems. The 
strong Raman bands around 550 cm−1 should be attributed 
to the transverse motion of bridging oxygen within AlIV–O–
AlIV linkages.34,40,41 A small shoulder of 550 cm−1 band can 
be found at around 630 cm−1, which can be attributed to the 
transverse motion of bridging oxygen within AlIV–O–BIII 
linkages.38,39 It can be speculated that parts of T1 species in 
NMR spectra exist in the form of AlIV–O–BIII linkages. The 
bands at around 780 cm−1 (should be the envelope of various 
bands due to large full width at half maximum) mainly reflect 

the Al–O stretch vibrations of AlO4 tetrahedral structural 
units with different numbers of NBO.23,34,40–42 As shown in 
Figure 5, the intensity of bands centered around 780  cm−1 
obviously decreases with increasing BaO content in the glass. 
The area ratio of higher-frequency band at 780 cm−1 to low-
frequency band at 550 cm−1 decreases as BaO content in the 
glass increases. Licheron et al.34 investigated the structure 
of calcium-, strontium- and barium-aluminate glasses using 
Raman spectroscopy. They also observed the area ratio of 
higher-frequency band at 780 cm−1 to low-frequency band at 
550 cm−1 decreases as the glass composition changes from 
Ca3Al2O6 to CaAl2O4. The (CaO + BaO)/Al2O3 ratios for the 
present glasses are between 1.6 and 2.1. According to cal-
culated NBO/Al values from the B-NBO preference model, 
the aluminum tetrahedron should be essentially in Q3(Al) and 
Q4(Al), where Qn(Al) indicates aluminum in tetrahedral sites 
with n bridging oxygen. Bands centered around 780  cm−1 
include the contributions from both Q3(Al) and Q4(Al),23,34 
whereas the low-frequency Raman bands around 550 cm−1 
only reflect transverse motion of bridging oxygen within Al-
O-Al linkages. Therefore, the decrease in the area ratio of 
higher-frequency band at 780  cm−1 to low-frequency band 
at 550  cm−1 reflects the possible decrease of NBOs. The 
strong bond at around 920  cm−1 is frequently observed in 
some glassy aluminoborate slag with high concentration of 
network-modifying oxides.37,39 According to Raman study on 
borate glasses, this band can be assigned to be the vibration 
of orthoborate (BO3) structural units.43–45 This is in line with 
the NMR results on that the dominant structural group for 
borate in structure of the present glasses is orthoborate. The 
lack of bands at higher frequency range in the present spectra 
indicates that there are no B-O− bonds attached to large bo-
rate groups in present glasses.46 This is also consistent with 
the NMR results which indicate only presences of small bo-
rate groups.

The bands within 400–1100  cm−1 can be deconvolved 
by assuming Gaussian peaks for various structural units to 
further separate the overlapping contributions of various 
structural units. The deconvolution parameters including 
the frequencies of peaks, areas are summarized in Table 3. 
The deconvolution results for Raman spectra are shown in 
Figure 6. Two vibration peaks of AlIV–O–AlIV (at around 
550 cm−1)21–24 and AlIV–O–BIII19,20 (~630 cm−1) were used 
to represent the bands between 450 and 670 cm−1.

T A B L E  2   11B NMR fitting parameters of the glasses investigated in the present work

Sample No.

T0 T1 BIV

NT0 / % δiso / ppm PQ / KHz NT1 / % δiso / ppm PQ / KHz N4 / % δiso / ppm

Ba0 84.2 ± 0.1 21.1 ± 0.1 2662 ± 5 14.4 ± 0.1 18.7 ± 0.1 2713 ± 5 1.5 ± 0.1 2.2 ± 0.1

Ba5 79.0 ± 0.1 21.0 ± 0.1 2662 ± 5 19.8 ± 0.1 18.9 ± 0.1 2713 ± 5 1.2 ± 0.1 2.1 ± 0.1

Ba10 69.8 ± 0.1 20.8 ± 0.1 2662 ± 5 28.9 ± 0.1 19.1 ± 0.1 2713 ± 5 1.3 ± 0.1 2.0 ± 0.1

F I G U R E  4   27Al MAS-NMR spectra of various samples [Color 
figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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The bands within 700–800  cm−1 are deconvolved by 
considering peaks contributed to two AlO4 structural 
units: Q3(Al) (at around 740  cm−1) and Q4(Al) (at around 
790 cm−1).18,21–25 NMR simulation on 11B MAS-NMR spec-
tra indicates the possible existence of T1 group, which re-
flects pyroborate or linkage of AlIV–O–BIII. The vibration of 
AlIV–O–BIII has been reflected by the shoulder (630 cm−1) 
of AlIV–O–AlIV. According to the previous Raman study on 
borate,43–45 the band at 820 cm−1 reflects the vibration of the 
pyroborate group and can be included in the present Raman 
deconvolution. The band at 930  cm−1 can be successfully 
deconvolved using a single Gaussian peak attributed to the 
vibration of the orthoborate group.

The PDF, G(r), shows the distributions of all atom–atom 
distances in a sample and can provide information on the local 
structure of an amorphous material. The PDFs of the three glass 
samples are plotted together in Figure 7. The most intense fea-
ture in all three PDFs is a sharp peak at 1.76 Å, which can be as-
signed to the Al–O bond distance. Bond valence considerations 
indicate that the average bond length for Al with coordination 
numbers of 4, 5, and 6 should be 1.76, 1.84, and 1.91 Å, respec-
tively. The perfect match with the expected value for tetrahedral 
Al and the lack of any shoulders on these peaks confirm that 
essentially all Al is tetrahedral in all samples. This result is in 
agreement with the Raman and NMR results, which show pre-
dominantly tetrahedral Al. The very small amount of octahedral 
Al seen by NMR is likely too small to be observed by PDF. 
Although the maximum intensity of the Al–O peak decreases 
with increasing Ba content this does not seem to be due to any 
significant change in the coordination number. A small part of 
this decrease can be attributed to the lower density of Al–O 
bonds as the larger Ba is introduced, but mostly to an increase 
in the widths of the peaks. By converting G(r) to the radial 

distribution function, R(r), and integrating the area underneath 
the peak it is possible to obtain the coordination number of Al. 
This procedure yielded values of 4.06, 3.93, and 4.14 for sam-
ples with 0%, 5%, and 10% Ba, respectively, all quite close to the 
expected value of 4 for tetrahedral coordination. The increase 
in peak widths indicates a broader distribution of Al–O bond 
lengths, suggesting the tetrahedra become less regular as the Ba 
content increases. This trend can be linked to the increase in po-
lymerization. An AlO4 with several terminal O atoms can eas-
ily form a nearly ideal tetrahedron, but as it becomes connected 
to more other polyhedra the tetrahedron will need to distort in 
order to connect to them all.

A weak peak is observed between ~1.3 and 1.4 Å which 
can be ascribed to B–O bond lengths. For the Ba free sample, 
the peak is at 1.35 Å, whereas for the samples containing Ba 
these peaks increase in intensity and shift to 1.38 and 1.37 Å. 
Some caution is needed when interpreting this peak due to 
the low contribution of B–O bonds to the PDF, potential 
overlap with low-r termination noise, and overlap with the 
tail of the much stronger Al–O peak. However, an increase 
in distance and intensity is consistent with an increase in the 
number of T1 groups relative to the number of orthoborates 
as revealed by the NMR data.

The next peak at ~2.36 Å can be attributed primarily to 
Ca–O bond lengths, although nearest neighbor B–Al and 
B–B distances may also contribute to a much smaller extent. 
The intensity of this peak decreases rapidly as the Ba con-
centration increases, which is not surprising as the Ca con-
centration is decreasing. It appears that some decrease is also 
due to a broadening of the peak, suggesting less regular coor-
dination for Ca with increasing Ba. In the two samples con-
taining Ba, there is a weak, broad feature at ~2.65 Å which 
is absent in the Ba free sample and can be assigned to Ba–O 

F I G U R E  5   The Raman spectra of glass 
samples with varying BaO content [Color 
figure can be viewed at wileyonlinelibrary.
com]
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bond lengths. These bonds make a noticeable contribution 
to the PDF despite the low Ba concentration because Ba is a 
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much stronger X-ray scatter compared with any of the other 
elements present.

Nearest neighbor O–O distances are expected around 2.9 Å 
and can explain the rise in the PDF in this region. The broad 
feature around ~3.2–3.3 Å is primarily due to nearest neighbor 
Al–Al distances, with second nearest neighbor B–O also mak-
ing a much smaller contribution in this region. The broadness 
of these features shows that the Al–O–Al angle varies some-
what, which is consistent with the amorphous nature of these 
materials. The last strong feature around ~3.6 Å is primarily 

due to second nearest neighbor Al–O distances. Beyond ~3.8 Å 
the PDF has contributions from all types of atom–atom pairs. 
Broad features can be seen up until roughly 16 Å, beyond which 
the PDF becomes flat indicating a complete lack of structural 
correlation past this distance. The correlation length does not 
seem to vary significantly with composition.

3.3  |  Viscosity measurements

The viscosities of molten slags in the temperature range from 
1460°C to 1600°C were measured by the rotating spindle 
method. Measured viscosity values for various samples are 
shown in Table 4. As seen from the table, the viscosity of 
slags increases with increasing BaO content in slags at the 
same temperature, and the viscosity of slag decreases with 
increasing temperature.

It is well accepted that the temperature dependence of 
the viscosity of molten slag can be well described by the 
Arrhenius-type equation:

where A is the pre-exponential factor, E is viscous activation 
energy, R is gas constant, and T is temperature in K.

The Equation (1) could be transformed into the following 
equation:

The present experimental data can be fitted by plotting ln� 
versus 1/T shown in Figure 8. It can be seen from this figure 
that plots of ln� versus 1/T follow a linear relationship for all 
samples. There is no inflection point found in ln� versus 1/T 
plot. This also indicates that all slag samples are in a liquid 
state in the temperature range of 1733–1873 K and there was 
no crystal precipitation during viscosity measurements.

The viscous activation energy reflects the energy barrier for 
viscous flow of molten slag. Viscous activation energy for all 
samples may be calculated from the slope of the fitting lines. 
Calculated viscous activation energies of various samples are 
also shown in Table 6. It can be seen that the viscous activation 
energies also increase as BaO content in slag increases.

(1)� = Aexp
(

E

RT

)

(2)ln� = lnA +
E

RT

F I G U R E  7   Total scattering pair distribution function data for all 
the samples showing possible distributions of all atom–atom distances. 
A) in an extended region and B) enlarged part [Color figure can be 
viewed at wileyonlinelibrary.com]

T A B L E  4   Measured viscosity values and calculated viscous activation energies Eη for samples investigated in the present work

Sample no

Viscosity values (mPa.s) at various temperatures (°C)

Eη (kJ/mol)1600 1560 1540 1500 1480 1460

Ba0 103.98 ± 0.69 125.63 ± 1.433 141.35 ± 0.949 181.19 ± 0.799 194.47 ± 1.19 227.01 ± 0.45 150.08 ± 4.4

Ba5 108.11 ± 0.14 131.65 ± 0.39 147.66 ± 0.48 183.84 ± 1.54 210.93 ± 0.64 248.62 ± 1.86 158.33 ± 5.2

Ba10 119.44 ± 0.23 146.75 ± 0.73 161.64 ± 1.28 208.97 ± 0.84 240.14 ± 0.25 280.27 ± 1.02 164.27 ± 4.9
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4  |   DISCUSSION

From the present MAS-NMR, Raman spectroscopy, and 
PDF study, the aluminums in the present glasses are found to 
be exclusively tetrahedral coordinated aluminums. Because 
a large amount of CaO and BaO exist in the present glass 
((CaO  +  BaO)/Al2O3  >  1), a full-charge compensation of 
tetrahedral coordinated aluminum can be assumed and there 
should be negligible five- or six-coordinated aluminum. This 
is in line with the previous investigation on aluminoborate 
glasses with M/νAl > 1 (ν is the valence of M).22 Apart from 
charge compensation, CaO and BaO in the present glasses 
can play another role as network-modifying oxide. The ex-
cess CaO and BaO will depolymerize the network built 
by tetrahedral aluminate.34 The present glasses also some 
boron species, which could compete for de-polymerization 
by network-modifying oxides. Therefore, the degree of de-
polymerization for aluminate networks will be discussed to-
gether with the existence of borate species.

According to the present 11B MAS-NMR, Raman spectros-
copy, and PDF study, the dominant boron group in the present 
glasses is orthoborate (BO3

3−), a trigonal borate structure with 
three NBOs. There are some existences of T1 group, which 
is the trigonal borate structure with two NBOs. The present 
glasses have even higher content of network-modifying oxide 
than glasses in literature.18 Therefore, most four-coordinated 
boron has converted into a three-coordinated boron group with 
three NBOs. Some BIV converts into three-coordinated boron 
groups with two NBOs. This indicates that boron species are 
predominantly depolymerized into isolated orthoborate groups 
with three NBOs and borate groups with two NBOs. Some 
BIII with two NBOs will form the pyroborate group. It is also 
probable that some BIII with two NBOs will connect with AlIV 
to form AlIV–O–BIII, which is favorable according to previous 

studies.18–22 The existence of pyroborate group and AlIV–O–
BIII has been detected by Raman spectroscopy.

The speciation of boron and aluminum sites afforded by 
NMR, Raman spectroscopy and PDF provides opportunities to 
estimate the network connectivity in the glass structure. For the 
present depolymerized glasses, the degree of polymerization is 
essential for understanding variation of properties from a struc-
tural point of view. According the fitting on 11B spectra, the 
NBO/B values for 0Ba, 5Ba, and 10Ba glasses are 2.86, 2.80, 
and 2.71, respectively. The calculated NBO/Al values based on 
the boron speciation for 0Ba, 5Ba, and 10Ba glasses are 0.32, 
0.29, and 0.11 respectively, which are higher than the values 
calculated from complete B-NBO preference. According to 
NBO/Al values both from NMR fitting and complete B-NBO 
preference model, the NBO/Al decreases as mass percentage of 
BaO increases, which can be attributed to the amount decrease 
of network-modifying oxides (CaO + BaO). Accordingly, the 
connectivity and the degree of polymerization of aluminate 
network in structure of the present glasses increases with in-
creasing mass percentages of BaO.

As given in Table 1, the glass transition temperature first 
increases and then decreases with increase of BaO content. 
The glass transition temperatures in the present glasses can 
be both affected by network connectivity and field strength 
of network-modifying cations. The first increase in the glass 
temperature should be attributed to the enhanced network con-
nectivity due to the decreasing amount of network-modifying 
oxides. The following drop of glass transition temperatures 
is related to the introduction of Ba2+ (ionic radius: 1.61 Å50) 
with weaker field strength than Ca2+ (ionic radius:1.01 Å50), 
which leads to the weaker glass network and a lower glass 
transition temperature. This effect of cation field strength 
has been investigated51 by substituting Ca2+ with low-field-
strength cations (Sr2+ and Ba2+) in calcium aluminate.

The viscous activation energy can be associated with 
the local structure of molten slag.52,53 According to pres-
ent NMR, PDF, and Raman studies, the structure of glasses 
comprises of aluminate network and some ortho and py-
roborate groups. The isolated orthoborate and T1 groups 
have simple forms, which are easy for viscous shearing. The 
main obstacle for viscous flow is the aluminate network in 
present glasses. The structural characterizations have shown 
that the degree of polymerization of aluminate networks in 
glassy glass is enhanced as BaO content increases. The en-
hanced polymerization of aluminate networks indicates that 
the network and the flow structural units are more complex. 
More bonds in slag with a more complex structure would be 
broken by shearing, leading to increased energy barrier for 
viscous flow.

The field strength of network-modifying cation should 
also have some effects on the viscosity of slags. The Ba2+ has 
a weaker field strength (defined by z/r2, z is the valence num-
ber of metal ions, and r is the radius of cations) than Ca2+. 

F I G U R E  8   Values of logarithm of viscosity as functions of the 
reciprocal of temperature for slags [Color figure can be viewed at 
wileyonlinelibrary.com]
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The bond strength of Ba-O-Al should be weaker than Ca-
O-Al and easier to be broken during viscous shearing. Thus, 
the viscous flow is facilitated and a lower viscosity can be 
expected by introduction of Ba2+. However, the viscosity of 
the present slag increases with increasing BaO content, indi-
cating that the field strengths of network-modifying cations 
are not critical to viscous flow. The viscous flows in the pres-
ent glasses are mainly influenced by the degree of polymer-
ization in the aluminate network.

5  |   CONCLUSIONS

By using the atomic PDF, Raman spectroscopy, 27Al and 11B 
MAS-NMR, the structure of CaO–Al2O3–B2O3–BaO slag 
with varying mass ratio of BaO to CaO was uncovered. The 
viscosity of CaO–Al2O3–B2O3–BaO slag was determined by 
rotating cylinder method to investigate the correlation be-
tween the structure and properties of glasses. The following 
conclusions can be drawn from this work:

1.	 11B MAS-NMR data showed that boron in glass is 
mainly three-coordinated. The simulation on NMR spec-
tra further indicates that the dominant boron group is 
orthoborate with zero bridging oxygen. Some (14%–29%) 
three-coordinated boron species with one bridging ox-
ygen and minor (less than 2%) four-coordinated boron 
species can be also resolved by simulation.

2.	 27Al MAS-NMR showed that aluminums in the present 
glasses are exclusively in tetrahedral coordination.

3.	 Raman spectral study showed that the transverse vibration 
of AlIV–O–AlIV and AlIV–O–BIII, stretching vibration of 
aluminate structural units and vibration of orthoborate and 
pyroborate structural groups.

4.	 The PDF results showed tetrahedral coordination for all 
Al, whereas a broader distribution of Al–O bond lengths 
indicates less regular tetrahedra with increasing Ba. An 
increase in distance and intensity of the B–O peak is con-
sistent with a slight increase in the number of pyroborate 
and tetrahedral B relative to the number of orthoborate.

5.	 With increase of BaO content, the viscosity and viscous 
activation energy of slags increases. The increased vis-
cous activation energy reflects the enhanced degree of 
polymerization in glass structure.
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