Structure—Property Relationship of CaO-MgO-SiO, Slag:
Quantitative Analysis of Raman Spectra

JOO HYUN PARK

The quantitative structural information such as the relative abundance of silicate discrete anions
(Q" units) and the concentration of three types of oxygens, viz. free-, bridging- and nonbridging
oxygen can be obtained from micro-Raman spectra of the quenched CaO-SiO,-MgO glass
samples. Various transport properties such as Vrscosrty, density, and electrical conductivity can
be expected as a simple linear function of “In (Q*/Q?),” indicating that these physical properties
are strongly dependent on a degree of polymerization of silicate melts. The methodology out-
lined in the current study can be extended to predict the physicochemical properties of silicate
melts in ferrous and non-ferrous metallurgical processes.
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I. INTRODUCTION

KNOWLEDGE of the structure of silicate melts is of
great importance in metallurgical processes.'?) The
structure of silicate melts is the dominant factor
affecting the transport properties, such as viscosity,
conductivity, density, etc. Therefore, there have been
numerous attempts to measure and/or predict these
macroscopic thermophysical properties as a function of
the composition of silicates based on the microscopic
view of structures. 2

Viscosity () is of particular importance because it
controls the rate of transport of matter and thus, of
energy.>*? In general, the largest changes in the
viscosity of silicate melts are found when metal oxides,
MO (M = alkali, alkaline earth, efc.) are added to SiO».
The associated variation of activation energy (E,)
follows similar trend. As the MO content increases,
the structure transforms gradually to d1screte polyani-
ons, and finally to isolated SIO jons.!!

Over limited temperature 1ntervals, electrical conduc-
tivity (x) or resistivity (p.) follows an Arrhenius law, as
does viscosity. The activation energy for electrical
conduction decreases shghtly with increasing MO con-
tent. Bockris er al.”” showed that electrical current is
carried wholly by network-modifying cations, M" ",
indicating that silicate melts are only partially ionic and
that anions must be large in size compared with cations.
These authors also made the important observation that
the activation energy is 2 to 5-fold smaller for electrical
conduction than for viscous flow, indicating that these
two properties are governed by different mechanisms
with different energy barriers.”

Vibrational spectroscopy, specifically Raman spec-
troscopy was originally used to probe the local anionic
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structure of silicates.”>**! The bands assigned to anti-
symmetric stretching of Si-O~ (non-bridging oxygen;
NBO) and Si-O° (bridging oxygen; BO) bonds occur in
the range from 850 to 1200 cm ' region, whereas Si-O-
Si bending modes are found between 500 and
700 cm~'.** The frequencies of the stretching modes
decrease with decreasing degree of polymerization, viz.
increasing NBO/Si. There are several types of units such
as SiO, (fully polymerized), Si,Os (sheet), SiO3 (chain),
Si,0 (dimmer), and SiO4 (monomer).**? Based on a
nuclear magnetic resonance (NMR) spectra of sili-
cates,** ¥ the stoichiometric notations for each umt
were replaced by the so-called Q" concept as follows: Q*
(NBO/Si = 0), Q° (NBO/Sr = 1), Q% (NBO/Si = 2),
Q' (NBO/Si = 3), and Q° (NBO/Si = 4).

The structure of the Ca0O-SiO,-MgO system, which is
important in ferrous and non-ferrous metallurgical
processes, was systematically 1nvest1gated by McMillan
using Raman spectroscopy ¥ The high- frequency
Raman band (1050 cm ') increased and the 850 cm ™
band decreased in relative intensity as the silica content
increased from 30 to 60 mol pct at CaO/MgO = 1. For
the effect of the Ca«<>Mg substitution on the distribution
of silicate species at high silica region, i.e., SiOz =170
mol pct, the relative proportion of Q?/Q* groups
increased as MgO substituted for CaO in the oxide
structure. However, Chrissanthopoulos ez al.,*”! based
on analysis of the infrared spectra of sol— gel derived
CaO- SrOz-MgO §ldsses reported that the concentrations
of Q' + Q?or Q° + Q! specres at 80 or 50 mol pct SiO,,
respectively, were enhanced in ternary system as com-
pared with those in the CaO-SiO, and MgO-SiO; binary
systems, in contrast to the results reported by McMil-
lan.®” Schneider e al*" analyzed 2°Si NMR measure-
ments of the CaO-MgO-50 mol pct SiO, (CaO/
MgO = 1) system and reported that the fraction of
s1hcon species was as follows (% = 0.16 (£0.08),
Q? = 0.60 (+0.1), and Q* + = O 24 (4£0.07). How-
ever, the relative fractions of Q" species for the CaO-
MgO-SiO, (1:1:1 in mol rdtro) system from Raman
spectra were as follows: Q° = 0.50, Q' = 0.35,
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Q> =0.13, and Q' = 0.02.*" The discrepancies
between these studies indicate that more structural
information is needed for the CaO-SiO,-MgO system,
especially in the composition range of silica content is
lower than 50 pct, which is highly important in metal-
lurgical slags and fluxes.

Consequently, in the current study, the effects of
CaQ/SiO, ratio, SiO, content, and Ca«<>Mg substitution
on the distribution of silicate anionic species in the CaO-
Si0,-MgO slag system were investigated by micro-
Raman spectroscopic analysis of melt-quenched glass
samples. Furthermore, the relationships among the
structural and physicochemical properties of silicate
melts were evaluated.

II. EXPERIMENTAL PROCEDURE

A. Preparation of Glass Samples

Regent-grade SiO, powder (>99.9 pct purity) was
used. CaO and MgO were obtained from reagent-grade
CaCO; and MgCO; (>99.9 pct purity) calcined at
1273 K (1000 °C) for 10 hours. Powders of CaO, SiO,,
and MgO were weighed to obtain the required compo-
sition and mixed for 1 hour to obtain homogeneous
mixtures. Mixtures were melted in a 20 cc platinum
crucible at 1873 K (1600 °C) for 2 hours for homoge-
nization and for bubble-free liquids under a purified Ar
atmosphere. The Ar gas was highly purified by passing
the gas through a silica gel and a furnace containing
magnesium turnings at 723 K (450 °C), even though
99.999 pct purity gas was used.

After 2 hours, the crucible was quickly drawn from
the furnace and the melt was rapidly quenched by
pouring it into a copper mold in cooling water. Whole
samples were confirmed to be in the glassy state by
X-ray diffraction (Bruker D8 GADDS, Bruker AXS
Inc., Madison, WI) using Cu Ka radiation (1.54 A) with
a generator power of 45 kV and 35 mA for 260 from 10
to 90 deg. The compositions of glass samples were
determined with an X-ray fluorescence spectroscope
(Bruker S4 Explorer, Bruker AXS Inc., Madison, WI),
as shown in Figure 1.

B. Analysis of Raman Spectra

Raman spectra of the glass samples were collected at
room temperature in the range of 100 to 1900 cm ™!
using an Ar excitation laser source with a wavelength of
514.5 nm coupled to Jobin—Yvon Horiba (LabRam HR,
France) micro-Raman spectrometer. Raman shifts were
measured with a precision of 0.3 cm !and the spectra
resolution was of the order of 1 cm~'. Quantitative peak
deconvolution was carried out through the range of
Raman shifts from 800 to 1200 cm™ °. The spectrum
data were fitted by Gausssian function w1th an aid of the
“PeakFit” program within +0.5 pct error limit, and the
relative abundance of Q" units was calculated from
the area fraction of the best-fitted Gaussian curves at the
frequency for the symmetric stretching vibration of each
Q" unit.
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Figure 2 shows a typical deconvolution result for the
40 mol pct CaO-20 mol pct MgO-40 mol pct SiO,
system. Bands marked at 855, 905, 964, dnd
1056 cm ™! correspond to Q° (850 to 880 cm™'), Q!
(900 to 920 cm—l) Q? (950 to 1000 cm—‘) and Q° (1050
to 1100 cm™") units, respectively.?>* The peak fre-
quencies do vary some with composition within the
dbOVC frequency ranges. Here, the Raman scattering for
Q* unit (1200 and 1060 cm™') could not be resolved
because of its very low intensity in mixed silicate
systems, even thou%h it was originally observed in
vitreous silica glass.?>3*% 3 This was recently con-
firmed bg/ theoretical molecular dynamics (MD) calcu-
lations.!

Quantitative analysis of Raman spectra allowed
determination of the configuration of each silicate unit
from Q° to Q’ according to bulk composition. The
compositions and the relative area fractions of the
fitted Gaussian bands are listed in Table I. Mysen
et alP#8-2931321 concluded that the anionic structural
units in the silicate melts are the same before and after
quenching, and thus the structural features of quenched
silicate glasses are applicable to molten silicates.

III. RESULTS AND DISCUSSION

A. Effect of CaO/SiO, Ratio on the Structure
of CaO-Si03-20 mol pct MgO System

The Raman spectra of the CaO-Si0,-20 mol pct MgO
system (CaO/SiO, = 0.3 to 1.0) as a function of
wavenumbers in the range from 700 to 1300 cm ™' are
shown in Figure 3. It is easily found that the relative
intensity of the high-frequency (1055 (£5) cm™") band
significantly decreases with increasing CaO/SiO, ratio
and becomes very week shoulder at CaO/SiO, = 1.0.
Alternatively, the low-frequency (865 (+5) cm™") band
increases in intensity with increasing CaO/SiO, ratio,
and this tendency is profound at CaO/SiO, ratio greater
than 0.6.

The relative fractions of the silicate anionic units
obtained from Gaussian deconvolution of the Raman
bands shown in Figure 3 are plotted against the CaO/
SiO, ratio in Figure 4. The fraction of Q’ umt contin-
uously decreases, and the fractions of Q% Q', and Q°
units increase with increasing CaO/SiO, ratio. This
tendency qualitatively indicates that the silicate net-
works are depolymerized as the CaO/SiO, ratio
1ncreases at a fixed MgO content. It is notlceable that
Q? and Q units are most abundant, whereas Q' and Q°
units are less than 10 pct respectlvely The silicates are
mainly Constltuted by Q? (SiOs-chain) unit (~ 64 pct),
followed by Q* (Si,Os-sheet) umt (~18 pet), Q° (SiOs-
monomer) unit (~10 pct), and Q' (Si,O;-dimmer) unit
(~8 pct) at CaO/SiO, = 1. 0 composmon

In Figure 4, the Q*/Q? ratio is also shown as a
functlon of Ca0/5102 ratio. In the current study, the
Q’/Q? ratio is proposed as an index for the degree
of polymerization of silicate networks based on

the following equilibrium reaction among silicate
Units:[22:28:29.31.32]
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Fig. 1—Equilibrium phase diagram of the CaO-SiO,-MgO slag and the composition of glass samples prepared in the current study.
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Fig. 3—Raman spectra of Ca0O-SiO,-20 mol pct MgO system with

Composition of Glass Samples and the Peak Area Ratio obtained from a Gaussian Deconvolution of Raman Spectra

Composition, Mole Fraction

Best Fitted Gaussian Peak Area Ratio

Si0, CaO MgO Q? Q? Q! Q°

0.60 0.20 0.20 0.521 0.428 0.010 0.041
0.60 0.30 0.10 0.494 0.364 0.048 0.067
0.50 0.10 0.40 0.336 0.538 0.062 0.064
0.50 0.20 0.30 0.312 0.506 0.096 0.081
0.50 0.30 0.20 0.363 0.503 0.042 0.092
0.50 0.40 0.10 0.394 0.460 0.033 0.113
0.40 0.20 0.40 0.122 0.335 0.374 0.169
0.40 0.30 0.30 0.154 0.381 0.340 0.125
0.40 0.40 0.20 0.184 0.637 0.083 0.096
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Fig. 4—Abundance of structural units and Q*/Q? ratio in the CaO-
Si0,-20 mol pct MgO system as a function of CaO/SiO, ratio.

Si,05 = SiO; + SiO, ]
. _[8i03] - [5i05] _ Q*-Q* 2
(1= [Si,05] - Q3

where Ky is the equilibrium constant of Eq. [1]. Thus,
the concentration of highly polymerized unit, viz. Q*,
is proportional to the concentration ratio of Q* to Q?
(Eq. [3]) at a given temperature:

3
Q= Ky & o degree of polymerization [3]

The consideration of Eq. [3] is based on the fact that
the Q* unit is the most polymerized unit which can be
experimentally resolved by Raman spectroscopy as
discussed in Section I1-B.** *! The Q*/Q? ratio contin-
uously decreases from around 1.2 to 0.3 by increasing
the CaO/Si0, ratio, and it becomes lower than unity at
around CaO/SiO, = 0.4, which is consistent with the
phase boundary of pure silica (tridymite) and Ca-Mg
silicate (diopside; CaMgSi,Og) from the phase diagram
of the CaO-SiO,-MgO system as shown in Figure 1.
From the viewpoint of structural similarity among
silicate minerals, melts, and glasses,[zz’zsfn] the transi-
tion of the main silicate anionic unit from Q>-sheet to
Q’-chain at the tridymite-diopside phase boundary in
Figure 4 is theoretically reasonable because the struc-
ture of diopside is tetrahedral chain-like.[** %!

B. Effect of MgO Substitution for CaO on the Structure
of CaO-SiO,-MgO Slags

The Raman spectra of the CaO-Mg0O-40 mol pct SiO,
system (MgO/(MgO + CaO) = 0.33 to 0.67) as a func-
tion of wavenumbers in the range of 700 to 1300 cm ™
are shown in Figure 5. The relative intensity of the high-
frequency (1055 (£5) cm™ ") band is very low, and it
seems to be a weak shoulder in main silicate envelope.
The intensity of this band decreases by the substitution
of Mg?>* for Ca’". However, the changes in the
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intensity of the others are not easily discernible with
human eyes.

The relative fractions of the silicate anionic units
obtained from Gaussian deconvolution of the Raman
bands shown in Figure 5 are plotted against the MgO/
(MgO + CaO) ratio in Figure 6. The fraction of Q? unit
sharply decreases, whereas that of Q' unit increases with
increasing MgO/(MgO + CaO) ratio up to 0.5, followed
by negligible changes. The changes in the fractions of Q*
and Q° units are not significant. It is highly noticeable
that the composition of MgO/(MgO + CaO) = 0.5
coincides exactly with the phase boundary between
Ca-Mg silicate (akermanite; Ca,MgSi,O;) and Mg
silicate (forsterite; Mg,SiO4) from the CaO-MgO-SiO,
phase diagram. Hence, the substitution of Mg?" ion for
Ca’" ion in the Ca-Mg silicate affected the structure,
whereas the Mg—Ca substitution did not result in
the significant change in the structure of Mg silicate,
where the Ca®>" jons are relatively free compared with
Mg?" ions. This will be discussed more in detail later.

The Raman spectra of the CaO-MgO-50 mol pct SiO,
system (MgO/(CaO + MgO) = 0.2 to 0.8) as a function
of wavenumbers in the range of 700 to 1300 cm ™' are
shown in Figure 7. The relative intensities of both the
high (1055 (+5) cm™")- and low (875 (& 5) cm Y-
fregluency bands decrease when Mg " substitutes for
Ca®" at a fixed silica content, i.e., 50 mol pct. The
relative fractions of the silicate anionic units obtained
from Gaussian deconvolution of the Raman bands
shown in Figure 7 are plotted against the Mg04
(MgO + CaO) ratio in Figure 8. The fraction of Q-
unit decreases and that of the Q’ unit increases very
slightly as the MgO/(MgO + CaO) ratio increases up to
around 0.4, followed by negli%ible changes. The changes
in the fractions of Q* and QU units are not significant.
The phase diagram of the CaO-MgO-SiO, system
indicates that the substitution of Mg?>" for Ca>" weakly
modified the structure of Ca-silicate (pseudo-wollaston-
ite; a-CaSiO3) melt, while Mg« Ca substitution did not
result in significant changes in the diopside-like silicate
structure.

The relationship between the Q°/Q? ratio in the 40
and 50 mol pct SiO, systems and the MgO/
(MgO + CaO) ratio is shown in Figure 9. In the 40
mol pet SiO, system, the Q*/Q? ratio slightly increases as
Mg*" ion substitutes for Ca®" ion in the akermanite
primary area, whereas it is nearly constant irrespective of
Mg«—Ca substitution in the forsterite primary area. From
an analysis of McMillan,”*” doubly charged cations
M2 of large ionic radius, i.e., small ionization potential
(=2Z/r*) should preferentially occupy the more open,
coupled Q° (=Si-O7), sites, while smaller M?" cations
with larger ionization potential will favor the higher
charge concentration offered by the Q? (=Si-20") sites.

Because the ionization potential of Ca®* (Z/r* = 2.0)
is much lower than that of Mg>" (Z/r*> = 3.9),*” the
Ca’" jon is charge balanced with two open O~ ions
because of the large size of the [CaOg] cage, whereas the
Mg®>" ion is balanced with two adjacent corner-shared
O™ ions because of the small size of the [MgQg] cage.
Hence, the increase in the MgO/(MgO + CaO) ratio
increases the connectivity of silicate network in the
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Fig. 5—Raman spectra of CaO-MgO—-40 mol pct SiO, system with
MgO/(MgO + CaO) ratios ranging from 0.33 to 0.67.
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MgO/(MgO + CaO) ratio ranges from 0.2 to 0.8.
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Fig. 9—The Q%/Q? ratio of CaO-MgO-SiO, slags as a function of
MgO/(MgO + CaO) ratio.

akermanite-like silicate structure, after which the for-
sterite-like silicate structure was not seriously affected by
Mg«—Ca substitution because the abundant Mg2 " ions
are strongly balanced w1th corner-shared O ions, while
small amounts of Ca’>" ions are relatively free from a
network-modifying role.

Alternatively, the value of Q? /Q ratio of the 50 mol
pct SiO, system is higher than that of the 40 mol pct
SiO, system, followed by that of 33 mol pct SiO, system
at a fixed MgO/(MgO + CaO) ratio as shown in
Figure 9. Also, the Q*/Q? ratlo shghtly decreases as
Mg>* jon substltutes for Ca®>" ion in the (pseudo-)
wollastonite primary area, whereas it is nearly constant
irrespective of Mg«Ca substitution in the diopside
primary area. As discussed previously, the structure of
silicate melts and glasses in the wollastonite primar
area is similar to that of mineral phase,?*2%2%-3134
which is known as layered ring-like structure at high
temperatures.*® Therefore, the relatively high connectlv-
ity of silicate network, balanced with abundant Ca*>" ions
engaged in network modifying role, decreases with
increasing MgO/(MgO + CaO) ratio, followed by a less
significant change in a diopside-like chain structure.
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McMillan, based on an analysis of Raman spectra of
the CaO-MgO-70 mol pct SiO, system, found that the
1060 cm ™' band (Q* unit) remamed more intense
than the shoulder at 980cm~' (Q? unit) for MgO/
(MgO + CaO) = 0.5 samples, but less so than for the
30 mol pct CaO-70 mol pct SiO, binary system.*! The
30 mol pct MgO-70 mol pct SiO, system showed no
resolved bands at high frequency, but only a broad
asymmetric maximum between 960 and 1080 cm ™', where
the lower frequency part predominated. This observation
indicated that the relative proportion of Q*/Q* groups
decreased as MgO substituted for CaO in the silicate
structure.*” McMillan’s results for the 70 mol pct SiO,
system are consistent with the present findings for the
50 mol pct SiO; system as shown in Figures 7 through 9.

C. Structure—Property Relationship of the CaO-SiO -
MgO Slags

1. Viscosity

To understand the mechanism of viscous flow, it is
necessary to relate the viscosity to the structure of
silicates. Bridging oxygen bonds need to be broken and
reformed for viscous flow. This observation is also
consistent with the observation that the activation
energy of viscous flow of silica- I'lCh melts is comparable
to the energy of Si-O bonds.["8! Consequently, it is
possible that viscosity at a given temperature is a simple
function of the abundance of fully polymerlzed struc-
tural units, such as Q*. Clearly, viscosity (In #) in simple
binary alkali silicate melts is Posmvely correlated with
the concentration of Q* units.[*

As discussed in Section ITI-A, because the Q° /Q
ratio is directly proportional to the concentration of Q¥
the viscosity of the CaO-MgO- S102 slag at 1873 K and
1773 K (1600 °C and 1500 °C) is plotted against the
logarithm of the Q?/Q? ratio in Figure 10. The viscosity
of slag was calculated using FactSage™ 6.2 (ESM
Software, Hamilton, OH) software to ensure consistent
values through the wide temperature range. The details
of the FactSage viscosity model are beyond the scope of
the current study, but, the detailed information is
provided in the literature (www.factsage.com).’%>"
The experimental data for the viscosity of specific
compositions close to those of the glasses investigated in
the current study are shown in Figure 10 for compar1-
son.’? % The calculated and measured values are in
good agreement. The v1scos1ty of the silicate melts, In 7,
increases linearly as In (Q?/Q?) increases at 1873 K and
1773 K (1600 °C and 1500 °C).

The activation energy for the viscous flow of silicate
melts in a Newtonian flow region above the liquidus
temperature as a function of In (Q*/Q?) is shown in
Figure 11. The activation energy of silicate melts was
obtained from an Arrhenius relationship (Eq. [4])
between viscosity and temperature:

0=noexn( ) 4

As shown in Figure 11, the activation energy for the vis-
cous flow of CaO-MgO-SiO, melts is a linear function
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of the degree of Qolymenzaﬂon which was defined as a
function of In (Q?/Q?) in the current study, as follows:

3
E,(kJ) = 18.2(£2.9) -1n%+ 159.2(+1.8) (> = 0.90)

[5]

Consequently, the In (Q*/Q?), which can be experi-
mentally measured, can potentially be used as a good
polymerization index to quantify the effect of silicate
structure on the viscosity of the melts.

2. Density

Density (p) is one of the most useful variables for
structural interpretation of molten oxides. Furthermore,
the molar volume (V,,), which is the reciprocal of
density (V,, = M/p, where M is the molar mass of
molten silicates), is a thermodynamic property and
directly reﬂects the Gibbs free energy of the oxide
system.[?236%2 1t is also an important thermodynamic
variable for calculating critical dimensionless numbers,
viz. Reynolds, Prandtl, Nusselts, and Grashoffs num-
bers, which are used in heat and mass transfer calcula-
tions.[%%

The relationship between density of the CaO MgO-
SiO, melts at 1773 K (1500 °C) and In (Q*/Q?) value is
shown in Figure 12 (2801 The density of melts linearly
decreases as In (Q?/Q?) increases at a given temperature
with the following relationship:

In p(g/em?)
3
— 0.0245(£0.005) - Tn T+ 0.947(+0.004) (7 = 0.88)
[6]

Bottinga and Richet™ discussed the effect of basic
oxides, such as alkaline (e.g., Na,O) and alkaline earth
oxides (e.g., BaO), on the molar volume of binary
silicates by gathermﬁ the experimental data measured by
Bockris er all® and Bruckner.®™ Based on the
observation that the molar volume of pure liquid silica
had a tendency to become smaller when network-
modifying oxides were dissolved in pure SiO», despite
their larger partial molar volume than that of SiO,,
Bottinga and Richet concluded that bridging oxygens
have a larger partial molar volume than nonbridging
oxygens.?>*’ The results shown in Eq. [6] and Figure 12
are consistent with their conclusion.

3. Electrical conductivity
Over limited temperature intervals, electrical conduc-

tivity (x) follows an Arrhenius-type relationship, viz.
Rasch-Hinrichsen law (Eq. [7]), similar to viscosity.l**

Kk = Aexp <I§T) [7]

The activation energy for electric conduction (E,)
decreases slightly with an increase in the content of
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Fig. 11—Activation energy of viscous flow of CaO-MgO-SiO, melts
as a function of Q3/Q? ratio.
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Fig. 12—Relationship between the density and the Q*/Q* ratio of
CaO-MgO-SiO; melts at 1773 K (1500 °C).
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network-modifying oxides. Bockris er al.?**" showed

that electrical current is carried wholly by network-
modifying cations, M" ", indicating that silicate melts
are only partially ionic and that anions must be large in
size compared with cations. Therefore, the electrical
conductivity of molten silicates is strongly dependent on
the degree of polymerization.

The relationship between the electrical conductiv-
ity (In k) and the degree of polymerization, viz. In
(Q%/Q%), of the CaO-MgO-SiO, melts at 1823 K
(1550 °C) is shown in Figure 13;”) In x decreases
linearly as In (Q*/Q?) increases with the following
correlation that was obtained from a least square
regression analysis.

3
Ink(Q 'em™") = —0.82(%0.11) 'ln% 8]

— 1.16(£0.07) (r* = 0.90)

Bockris er al®® concluded from their experimental
results and absolute reaction rate theory that conduc-
tance due to O®~ ions is improbable, and the decrease in
the activation energy with the increase in network-
modifying oxides occurs because the breakdown of
silicates facilitates cationic transport. The results shown
in Figure 13 support Bockris et al.’s electrical conduc-
tance mechanism.!?* %

D. Speciation of Three Types of Oxygen from Raman
Spectra

The NBO/Si (measured) values of the CaO-MgO-SiO,
silicates can be estimated from the following equation
using a simple mass balance of oxygen and silicon atoms
in each silicate unit, Q”".

4
NBO/Si (meas.)= Zn X (foin) 9]
n=1

0.5 T T T T T

© Ca0-Si0,-MgO system (1550 °C)

00
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Fig. 13—Relationship between the electrical conductivity and the
Q°/Q? ratio of CaO-MgO-SiO, melts at 1823 K (1550 °C).
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where  fop+- . represents the area fraction of NBO/
Si = n (Q*") structure unit. Here, the theoretical
NBO/SI (calculated) of silicates was obtained from
Eq. [9].1

z 2XMo
SiO,

NBO/Si (calc.)= [10]

where X0 is the mole fraction of oxide MO (M = Ca
and Mg).

Figure 14 shows the relationship between the mea-
sured and the calculated values of NBO/Si of CaO-
MgO-SiO, slags. We define here the acidic region in
which the measured value is greater than the calculated
one and vice versa for the basic region, respectively. The
calculated NBO/Si is significantly overestimated at
NBO/Si=3, resulting from the fact that the s1l1cate
network is not perfectly depolymerized into the Q°
(SiO4) unit even in the highly basw composition.
Thus some of the free oxygens (O 7) locally interact
with M?>" cations by the weak ionic bond rather than
they are in global equilibrium with bridging and
nonbridging oxygens by Eq. [11]. The network modifier
free from the depolymerlzatlon reaction in the basic
region is called the excess base in the current study.

0’ +0* =20~ [11]
0 )?
K= gy 67 -

where Kjj; is the equilibrium constant of Eq. [11].

On the other hand, in the acidic region, there are
strong Si-O° bonds corresi)onding to the NBO/Si = 0
in the fully polymerized Q~ silicate units even with very
low concentrations, which could not be resolved within
the analytic error limit in a deconvolutlon process
because of very low intensity of the 1200 cm ™' bands in
Raman spectra. Hence, the measured NBO/Si value
which is greater than the calculated one in this acidic
region (Figure 14) originates from the underestimation

35

Ca0-8i0,-MgO system

«
o
T
1

]
(8]
T

acidic region

NBO/Si (meas.)
)
o

sk 8

basic region

10 . Il N 1 . 1 . 1 .
1.0 1.5 20 25 3.0 3.5

NBO/Si (calc.)

Fig. 14—Relationship between measured and calculated values of
NBO/Si in the CaO-MgO-SiO, slags.
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of the amount of bridging oxygen in the present
analysis. The polymerized silica which was not experi-
mentally resolved in the highly acidic region is called
excess silica in the current study.

From the above findings, the mole fraction of 0>
and O° can be estimated from the measured amount of
nonbridging oxygen, O as follows based on the mass
balance of oxygen and silicon atoms. When NBO/
Si(calc.)>NBO/Si(meas.), i.e., in the relatively basic
region,

excess base

__oxeess base 13a
2Xsi0,+ Y Xmo [13a]

Xop-=

4
excess base = ZXMO — Zg (foin) - Xsio, [13D]
n=1

NBO/Si (meas.
O*:(l—onf)X / ( 4)

NBO/Si (meas.)+2i n) X foi-n
[14]
4 (4- n)
XO[):(I —onf) X Zn ! XfQ4 ’
NBO/Si (meas.)+ 54 450 s 0,
[15]

The second term in the right-hand side of Eq. [13b]
represents the amount of free oxygens consumed in a
depolymerization reaction of silicate networks.

Alternatively, when NBO/Si(calc.)<NBO/Si(meas.),
i.e., in the relatively acidic region,

xcess _ 2 x excess silica [16a]
© 2Xsio,+ > Xmo’

Z 2XMO

NBO/Si (meas.) [16b]

excess silica=Xsio, —

NBO/Si (meas.)

Xo-=(1 — Xg5™) x T n)
NBO/Si (meas.)+ > ., X fon
[17]
24 (4- n) X fopion
XOOZ(I _ X excess n=1 Qo
NBO/Si (meas.)+ 2, 40 x £,
_"_XS((?GSS

(18]

The relative concentrations of the three types of
oxygen in the CaO-SiO,-MgO slags are shown in
Figure 15 as a function of mole fraction of silica. For
comparison, the results for the binary silicate systems
computed using cell model are also shown.[**! Figure 15
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Fig. 15—Concentration of three types of oxygen in the CaO-MgO-
SiO; slags as a function of mole fraction of silica.

shows that the orthosilicate composition (Xsio, = 1/3)
can be considered as a breaking point.[63] At Xsio, <1/3,
the silicates consist of almost no BO, and the number of
free oxygen decreases, while the number of NBO
increases with increasing silica content. This is consid-
ered to have resulted from more oxygen ions becoming
associated with silicon to form SiOj~ tetrahedra. At
Xsio, = 1/3, the number of NBO reaches a maximum,
which indicates that the majority of oxygen ions are
configured in SiOj~ tetrahedra. When silica content
exceeds this composition, free oxygen tends to disap-
pear, and the number of NBO decreases, while the
number of BO increases. This suggests that the SiOf[
tetrahedra are linked together to form large-sized silicate
anions and develop into a network structure.!?

In Figure 15, the concentration of bridging oxygen,
X0 which increases with increasing mole fraction of
silica in the composition range can be investigated at
1873 K (1600 °C), while the values Xo- and Xq»-
decrease as the content of silica increases. Because the
content of free oxygen ions in silicate melts and glasses is
significantly important in view of physicochemical prop-
erties, a number of scientists have developed several
models based on the empirical and statistical approaches
to quantify the content of free O®  ions. Thus, the
present methodology for the structural analysis of the
silicate melts is very useful not only in view of the
configuration of discrete anionic units at a given com-
position but also the concentration of free oxygen ions.

IV. CONCLUSIONS

The quantitative structural information such as the
relative abundance of silicate discrete anions (Q” units)
and the concentration of three types of oxygens, viz. free
oxygen, bridging oxygen, and nonbridging oxygen can
be obtained from micro-Raman spectra of the quenched
Ca0-Si0,-MgO glasses. Various thermophysical prop-
erties, such as viscosity, density (and molar volume), and
electrical conductivity (and resistance) can be expected
as a simple linear function of In (Q*/Q?), indicating that
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these physical properties are strongly dependent on the
degree of polymerization of silicate melts. Consequently,
costly and time-consuming experiments for the mea-
surements of several important properties of silicate
melts can potentially be omitted. Just simple glassmak-
ing and quantitative analysis of Raman bands are
required instead. The present methodology can be
extended to predict the physicochemical properties of
silicate melts in ferrous and non-ferrous metallurgical
processes.
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