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Abstract. The solubility mechanism of fluorine in quenched
SiO,—NaF and SiO,—AlF; melts has been determined
with Raman spectroscopy. In the fluorine abundance range
of F/(F+8i) from 0.15 to 0.5, a portion of the fluorine
is exchanged with bridging oxygen in the silicate network
to form Si—F bonds. In individual SiO,-tetrahedra, one
oxygen per silicon is replaced in this manner to form fluor-
ine-bearing silicate complexes in the melt. The proportion
of these complexes is nearly linearly correlated with bulk
melt F/(F+Si) in the system SiO,—AlF,, but its abun-
dance increases at a lower rate and nonlinearly with increas-
ing F/(F + Si) in the system SiO, —NaF. The process results
in the formation of nonbridging oxygen (NBO), resulting
in stabilization of Si,O%~ units as well as metal (Na* or
Al3*) fluoride complexes in the melts. Sodium fluoride
complexes are significantly more stable than those of alumi-
num fluoride.

Introduction

The transport and thermodynamic properties of fluorine-
bearing silicate melts differ significantly from those of their
fluorine-free equivalents. It has been shown, for example,
that the fluidity and electrical conductivity of silicate melts
increase rapidly with increasing fluorine content (Kozake-
vitch 1954 ; Hariyama and Camp 1969 ; Shinozakietal. 1977).
The liquidus temperatures of fluorine-bearing silicate sys-
tems are dramatically lowered compared with those of the
fluorine-free equivalents. On a molar basis, the magnitude of
the freezing-point depression resembles that of water (Wyllie
and Tuttle 1961; Kovalenko 1978; Manning 1981; Danck-
werth 1981). This observation has led to the suggestion
(e.g., Manning 1981) that the solubility mechanisms of
water and fluorine in silicate melts may resemble each other.

Observations such as those above have led to the sugges-
tion that solution of fluorine in silicate melts and glasses
results in significant depolymerization (a process in which

Table 1. Compositions (wt.%) of quenched melts

the ratio of nonbridging oxygen per tetrahedral coordinated
cations, NBO/T, increases). The detailed nature of the
fluorine solubility mechanism is, however, not clear. It has
been proposed, for example, that fluorine may replace
bridging oxygen in the silicate network structure to form
a fluorine-bearing silicate tetrahedral network (Rabinovitch
1983). Alternatively, metal-fluorine complexing has been
suggested as the principal fluorine solubility mechanism
(Kogarko and Kriegman 1973). Available spectroscopic
data (e.g., Takusagawa 1980; Yamamoto et al. 1983) are
consistent with a fluorine solubility mechanism involving
both fluorine substitution for oxygen in the silicate network
as well as fluoride complexing associated with metal cations
such as Na™. Aluminum generally is a network former in
fluorine-free silicate melts; however, in view of the alumino-
fluoride complexing observed in melts on the joins AlF; —
NaF, AIF,—KF and AlF;— LiF (Gilbert et al. 1975), alu-
minum fluoride complexes resembling AIF2~ and AlF,
may also exist in fluorine-bearing aluminosilicate melts.

In order to provide a quantitative basis on which to
describe the fluorine solubility behavior in aluminosilicate
melts, it is necessary to determine (1) the types of fluorine-
bearing complexes, (2) the resulting effect of dissolved fluor-
ine on the silicate melt structure and (3) the relative stabili-
ties of these complexes. In the present report, data have
been obtained on the roles of NaF and AlF, added to
SiO, melts in order to define the details of the structural
roles of these petrologically important, and possibly struc-
turally significant, different components.

Experimental Methods

Compositions studied were along the joins SiO, —NaF and
SiO,—AIF; (Table 1), with the F/(F+Si) ranging from
about 0.15 to 0.50. The structural features of quenched
melts in the two systems will be compared on the basis
of this ratio. The samples (1-2 mm® chips of quenched
melts) for spectroscopic studies were formed by melting

NSF10 NSF5 NSF2 NS5 AFS18 AFS9 AFS6 SA10
Sio, 87.74 78.16 58.86 82.90 92.30 86.56 81.10 90.00
ALLO, - - - - - - - 10.00
Na,O - - - 17.10 - - - -
AlF, - - - —~ 7.70 13.44 18.90 -
NaF 12.26 21.84 41.14 - —~ - - -
F/(F + Si) 0.167 0.286 0.500 - 0.152 0.250 0.333 -
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Fig. 1. Temperature- and frequency-corrected, unpolarized Raman spectra of quenched melts on the joins SiO, —NaF and SiO, — AlF,.
Dashed boxes indicate portions of spectra selected for statistical curve-fitting, the results of which are shown in Figures 2 and 4



oxide + fluoride mixtures of the desired compositions in
sealed Pt containers in 1-atm, vertical, MoSi,-heated
quench furnaces. A triple-walled container with 3 mm LD.
and 7 mm O.D. was used. The triple-walled containers were
employed in order to ensure that fluorine [whether as fluor-
ine gas (unlikely) or as a fluoride complex (e.g., NaF or
SiF,, perhaps more likely)] was not lost by volatilization
(due to the high vapor pressure of fluorine in the systems)
during melting. The samples were melted at 1,550° C for
1 hour after heating from 1,000° C to the final temperature
at approximately 1° C/min. The samples were quenched in
water at a rate of about 500° C/s. Optical examination of
the quenched glasses revealed no evidence for phase separa-
tion although gas bubbles (air trapped during melting) were
evident in the samples with the smallest amount of fluorine
added.

Structural information was derived from Raman spectra
of the quenched melts with an automated Raman spectrom-
eter system described by Mysen et al. (1982a). The 514-nm
line of an Ar™ ion laser operating at 0.5 W was used for
sample excitation. Briefly, this system consists of an LSI
11 minicomputer interfaced with a photon counter and the
slit- and wavelength drives of the Raman spectrometer. The
spectra were corrected for temperature- and frequency-de-
pendent scattering intensity (e.g., Long 1977) prior to statis-
tical analysis with the expression

L=L{vJ[—exp(—he/kT)+ 1]v/(v,+v)*}. M

In equation (1), I, and I, are corrected and raw Raman
intensities, respectively. The v, and v are the frequencies
of the exciting line and the Raman shift, respectively. The
intensities in all reported spectra are normalized to the data
point of the greatest absolute intensity. The background
was subtracted from the uncorrected spectra by least-
squares fitting of a line (typically an exponential curve)
through the data points at frequencies greater than those
where Raman scattering was observed.

As discussed in detail by Seifert et al. (1982) and Mysen
et al. (1982a) the curve-fitting is carried out on a completely
statistical basis with the method of minimization of least
squares developed and described by Davidon (1966),
Fletcher and Powell (1963) and Powell (1964a, b). Upon
convergence, the minimum value of y? and maximum ran-
domness in residual distribution are obtained. All line pa-
rameters (frequency, half-width and intensity) as well as
the number of lines are independent variables in the fitting
routine.

Compared with the Raman spectra of crystalline materi-
als, the vibrational modes in amorphous materials can be
expected to be broader due to distribution of local geome-
tries and vibrational coupling. As shown elsewhere (e.g.,
Walrafen 1967; Hartwig 1977; Mysen et al. 1982a; Seifert
et al. 1982), the Raman spectra of amorphous materials
such as silicate glass are statistically best fitted with bands
of Gaussian line-shape. A detailed description of these fea-
tures of the statistical fitting routine is provided by Seifert
et al. (1982) and Mysen et al. (1982a).

Results

Raman Spectra and Their Interpretation

Temperature- and frequency-corrected Raman spectra are
shown in Figure 1, and segments of the spectra fitted to
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Fig. 2. Statistically-fitted spectra of quenched melts in the system
Si0, — AlF; in the frequency regions 700-900 and 850-1,350 cm ™!
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Fig. 3. Examples of statistically-fitted spectra of quenched melts in the system SiO, — AlF; in the low-frequency region (400-675 cm 1)

Gaussian curves are shown in Figures 2-4. The spectra of
all fluorine-bearing quenched melts retain most of the fea-
tures of the topology of the spectrum of vitreous SiO,.
These are the broad, asymmetric band near 450 cm™*, the
sharp bands near 480 and 600 cm ™! (Fig. 3), the asymmet-
ric envelope near 800 cm ™! (which probably contains two
distinct bands), and two bands centered near 1,160 and
1,210 cm ™! (Figs. 2 and 4). A rigorous correlation between
the structure and spectra of amorphous SiO, still awaits
a better understanding of the interatomic bonding. The
spectra features can, however, be understood qualitatively
in terms of vibrations of interconnected SiO%~ groups in
a three-dimensional network. This network may be de-
scribed in terms of at least two distinct distributions of
Si—O—Si angles (Seifert et al. 1983; Phillips 1984).

In the spectra of quenched melts in the system SiO,—
AlF, essentially only one feature differs from the spectrum
of wvitreous SiO,. A distinct, sharp band occurs near
935 cm ™. In the deconvoluted spectra (Fig. 3), it is appar-
ent that in the low-frequency region (300-700 cm™!) the
same fitted bands result from the deconvolution of this
spectral region (450, 480 and 600 cm™') of all quenched
melts along the join SiO,—AlF,. In the high-frequency
portion (700-1,350 cm ™ '), the two bands in the broad,
asymmetric 800-cm ™! region of the SiO, spectrum remain
in the presence of AlF;. The 935-cm~! band (Fig. 1) is
fitted to a single, symmetric Gaussian line centered between
935 and 940 cm ™! for all spectra of quenched melts with
different fluorine contents (Fig.2). In addition to the
~1,060-, ~1,140- and ~1,210-cm~* bands resulting from
the presence of three-dimensionally interconnected SiOF~
tetrahedra in both SiO, and SiO, — AlF, quenched melts,
increasing fluorine contents in SiO, —AlIF; result in a new
band near 1,130 cm™*. The topology of this portion of the

spectrum resembles that of the high-frequency envelope of
Raman spectra of quenched melts in the system Na,O—
Al,0,—Si0, with Na/Al<1 (Fig. 5) where the relative in-
tensity of the 1,130 cm ™! increases with increasing Al/Na
at constant total AI’* content (Mysen et al. 1980). This
intensity increase seems correlated, therefore, with the in-
creased abundance of AlI*" without Na* for electrical
charge-balance.

The spectra of quenched melts in the system SiO, — NaF
as a function of F/(F+Si) resemble those in the system
Si0,—AlF,. The same new bands occur near 935 and
1,100 cm ™! (Figs. 1 and 4), although the exact frequency
of the band fitted near 1,130 cm™ ! in the aluminofluoride-
bearing silica samples is slightly lower (1,095 cm™'). The
effect of increasing Na/Si on the spectra of melt on the
join SiO,—Na,O strongly resembles the influence of in-
creasing Na/Si [and, therefore, increasing F/(F + Si)] on the
spectra of quenched melts on the join SiO, —NaF (Fig. 6;
see also Mysen et al. 1982b; Furukawa et al. 1981; Matson
etal. 1983, for spectroscopic data on melts on the join
Na,0 —Si0,). Similar qualitative observations have been
made in infrared spectra of fluorine-bearing quenched alkali
silicate glasses (Takusagawa 1980).

The spectra of all samples show the characteristic sharp
(2025 cm ™! half-width at half-height) 935-cm~' band,
most probably due to Si—F stretch vibrations in melt com-
plexes with one F and three O per Si (e.g., Yamamoto
et al. 1983; Dumas et al. 1982; Takusagawa 1980). Yama-
moto et al. (1983) calculated and measured the frequency
of Si—F stretching as a function of F/(F + O) in the fluorin-
ated silicate tetrahedra in fluorine-doped silica. They found
a systematic frequency decrease of about 50 cm™! per
bridging oxygen replaced by fluorine, with the 935-cm™*
band due to fluorine in the form of a complex with one
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oxygen per silicon replaced by fluorine [F/(F+ O)=0.25].
Only the 935-cm ' band is observed in the spectra reported
here (Figs. 1, 2 and 4), and it is concluded that whether
fluorine is added to the SiO, composition as NaF or AlF;,
a significant proportion of the fluorine interacts with the
silicate network. In this interaction, only one bridging oxy-
gen per tetrahedron is replaced by fluorine. It is suggested
that if fluorine substituted for bridging oxygen in silicate
complexes that locally also contain nonbridging oxygen,
the frequency of the Si—F stretch vibrations might decrease
as systematic functions of the number of nonbridging oxy-
gens per silicon (NBO/Si) in the fluorinated complex. There
is no evidence for such features in the Raman spectra. Thus,
we suggest that all the oxygens in the fluorine-bearing sili-
cate complexes are bridging.

It is notable that the broad range of Raman bands be-
tween 300 and 700 cm ™' characteristic of vibrations in
AIF?~ or AIF, complexes, observed, for example, in mol-
ten cryolite (Gilbert et al. 1975) cannot be detected in the
spectra reported here. Thus, it appears that most, if not
all, of the fluorine added as AIF; has replaced bridging
oxygen in the network of three-dimensionally intercon-
nected SiOF~ tetrahedra to form Si—F bonds. An electri-
cally neutral complex with one oxygen replaced by fluorine
is Si,O,F,. Structurally, it may be hypothesized that this
complex is envisioned as a double chain terminated on both
sides with fluorine:

The double-chain will, however, contain nonbridging oxy-
gen the presence of which is considered unlikely (although
not ruled out from the spectral data). One cannot exclude
from the Raman data structural units with a smaller aver-
age number of fluorines per silicon such as, for example,
in its simplest form, the Si,O,F, complex:

I ]

_Si—O—Si—
]
0 F
| l

—Si—0—S8i—

This latter is the simplest fluorine-bearing, three-dimension-
ally interconnected silicate structure where all oxygens are
bridging. In view of the fact that we suspect that the fre-
quencies of Si—F stretch vibrations decrease with increas-
ing NBO/Si of the complex and no such features were ob-
served, we suggest that the fluorinated silicate complexes
are three-dimensionally interconnected with some of the
bridging oxygens replaced by fluorine (second model
above). The Si,O,F, notation is used here. This notation
describes the stoichiometry of the simplest three-dimension-
ally interconnected, fluorine-bearing silicate complex in
which only one bridging oxygen is replaced by fluorine in
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some of the tetrahedra. The spectra do not preclude the
existence, however, of complexes with, on the average, a
smaller value of F/O than suggested by the notation
Si,0,F,. The expressions below are, however, equally valid
regardless of which stoichiometry is chosen.

One may, though, suggest that perhaps silicate melt
structures cannot be described in terms of relatively simple,
distinct structural units. The data presented here cannot
be used to distinguish between simple discrete structural
units and long-range structural units that locally may exhib-
it significantly different proportions of non-bridging oxy-
gens, for example. This possibility can, however, be dis-
cussed with the aid of published Raman data on quenched
melts in MO—Si0O, and M,0—SiO, (M: divalent and
monovalent metal cation) systems (Brawer and White 1975;
Furukawa et al. 1981; Mysen et al. 1982b). Those data (see,
in particular Figure 10 in Mysen et al. 1982b) have led to
the following conclusions. (1) Those spectra show the ex-
istence of only a limited number of Si— O~ stretch bands
as a function of M/Si of the melts. The frequencies of each
of these types of vibrations are distinctly different and in-

crease in systematic fashion with NBO/Si of the individual
structural unit; NBO/Si=4 with Si—O~ stretch near
850-860 cm ™!, NBO/Si=3 with Si—O~ stretch near
900cm~!, NBO/Si=2 with Si—O~ stretch near
950-970 cm ~* and NBO/Si=1 with Si/O~ stretch between
1,095 and 1,130 cm ™ *. (2) For a specific metal cation (e.g.,
Na*), the frequencies of the individual bands are indepen-
dent (within about 5 cm™!) of the bulk melt A/Si, but in-
crease by 20-30 cm ™! at constant bulk melt M/Si as the
Z/r* of the M-cations increases (e.g., Na’ <Ca?* <
Mg?* < Al*"). The bands also tend to become somewhat
broader. Thus, there is no evidence in the Raman spectra
of quenched melts along these joins of a gradual change
of polymerization of individual units (or complexes) as the
bulk melt polymerization (or M/Si) is altered. (3) The rela-
tive intensities of the individual Si—O~ stretch bands
(which can be converted to relative abundance; Seifert et al.
1981) are systematic functions of bulk melt M/Si. For exam-
ple, for a given M-cation, the 850 cm ™! band intensity de-
creases as M/Si is lowered from that of an orthosilicate
stoichiometry. The 950970 cm~* band intensity increases



to a maximum at M/Si near that of metasilicate and then
decreases with an additional M/Si decrease. The 1,100 cm !
band intensity increases in the M/Si range between meta-
and disilicate bulk melt stoichiometry, and then decreases
at M/Si less than that of disilicate. (4) These systematic
intensity relations (see Figure 10; Mysen et al. 1982b)
would not be observed if the Si—O~ stretch vibrations re-
sulted from the existence of the relevant structural units
simply as “end-units” of other, less polymerized units (e.g.,
units with NBO/Si near 2 along edges of larger units with
NBO/Si=1, and units with NBO/Si=3 in larger units with
NBO/Si=2). As the proportion of NBO/Si=1 units in-
creased, one would expect a concomitant increase in the
intensity of the Si—O~ stretch band intensity from units
with NBO/Si near 2. Similarly, the 900 cm ! band intensity
would be expected to be positively correlated with that of
the 950-970 cm~* bands. Both the early intensity data of
Brawer and White (1975) and more detailed recent data
by Furukawa etal. (1981) and Mysen et al. (1982b) are
inconsistent with such trends.

We conclude, as did Mysen et al. (1980, 1982b) and
Furukawa et al. (1981) that distinct structural units are
present in the silicate melts. Although the detailed geome-
tries of these units cannot be ascertained, they can be ex-
pressed with the stoichiometric expressions SiO% ~, Si,057,
SiO2%7, Si,0%~ and SiO,. These entities should be consid-
ered as discrete structural units in the silicate melts. In order
to maintain local electrical neutrality, these units require
association with network-modifying cations (Na*, K¥,
Ca%*, Mg?* and under certain circumstances AI®* etc.).
In the absence of evidence to the contrary, we suggest that
the fluorine-containing structural units in the melts (wheth-
er as fluorinated silicate units or as F~ in association with
metal cations such as Na™ or A13*) exhibit similar structur-
al behavior in silicate melts.

In analogy with the interpretation of Raman spectra
of quenched melts on the joins SiO, —Na,O and SiO, —
Al,O,, the appearance of the band between 1,100 and
1,130 ¢cm ! (depending on whether the metal cation is Na™*
or A13%) is ascribed to the presence of Si— O~ bonds, most
probably in interconnected SiO% ~ tetrahedra with one non-
bridging oxygen per silicon (e.g., Si,0%7) (e.g., Brawer and
White 1975; Furukawa etal. 1981; Mysen etal. 1980,
1982b). The significant broadness of the 1,130-cm~! band
(~40 cm™') in the aluminous quenched melts compared
with the sharper ~1,100-cm™! band (half-width
~30 cm ™ ') in the sodic melts probably results from greater
distortion of this structural unit in the aluminous samples.

Raman Band Intensities and Relative Abundance
of Structural Units

Qualitatively, the intensity ratios of bands obtained from
the fitted spectra (Table 2) indicate that aside from the for-
mation of Si,O2~ structural units, the relative proportions
of the three-dimensional SiO, network units remaining in
the fluorine-bearing silica melts have been altered.

The intensity of the 935-cm ™' bands may be used as
a measure of the concentration of fluorinated silicate com-
plexes (denoted Si,O,F, in this discussion). From the de-
convoluted spectra (Figs. 2 and 4), the intensity of this
band, normalized to total area of the two bands near
800 cm™! (Table 2) is nearly linearly correlated with the
F/(F +Si) of the SiO, — AlF; melts (Fig. 7). Notably, this
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Table 2. Intensity ratios (area) from Raman spectra

A(935)/ A(1,100)/4,*  A(1,160)/4,°
A(800)*
Si0, - - 0.66
NS5 — 0.60 0.61
SA10 — 0.62 0.26
NSF10 0.05 0.09 0.17
NSF5 0.06 0.30 0.43
NSF2 0.06 0.32 0.43
ASF18 0.16 n.d.® 0.32
ASF9 0.23 0.22 0.16
ASF6 0.31 0.22 0.18
* A(800), arca of (790+4830)-cm ' bands; A,, area of
(1,100+1,160+1,210)-cm ™! bands; A,, area of
(1,160 +1,210)-cm ~* bands
b Not detected
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Fig. 7. Intensities of Si—F stretch band (935¢m™") and Si—O
broken bond defect band (600 cm 1) relative to the intensity of
(800 +830)-cm ~ ! bands (denoted 800 for simplicity) of quenched
melts in the systems SiO, —NaF and SiO,—AJlF,

line can be extrapolated through the origin. This observa-
tion lends support to the suggestion that the principal fluor-
ine-bearing structural unit in the quenched SiO,—AlF,
melts may be expressed as Si,O,F,. This behavior differs,
however, from that of the 935-cm™! band in SiQ,—NaF
melts, where the intensity is relatively insensitive to the bulk
melt F/(F + Si) (Fig. 7). Its intensity is also significantly less
than in the aluminous samples. It is also noted that the
intensity of the ~1,100-cm™?! band in both series of spectra
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increases, and that of the (1,16041,210)-cm ! band de-
creases with increasing F/(F + Si) (Table 2).

The intensity data may be used to calculate the propor-
tions of Si,O.F,, SiO;, Si,0%?” and metal fluoride units
in the melts. The intensity relations in Figure 7 for SiO,—
AlF; quenched melts have been used to calibrate the abun-
dance of Si,O-.F, as a function of F/(F+Si). The data
in this figure can be used for this purpose because the inten-
sity of the 935-cm ™! band is linearly correlated with F/(F +
Si) of the melt, where this straight line passes through the
origin within experimental uncertainty. From this calcula-
tion it is evident that in quenched SiO, —NaF melts more
fluorine is dissolved in the melt than can be accounted for
in the Si,O,F, or any other fluorine-bearing silicate unit
with F/(F + Si) < 0.25 (one fluorine per silicon). The remain-
ing fluorine could occur as F~-bearing complexes with Na*
in close spatial association for electrical balance. The pro-
portion of these complexes can be estimated by mass bal-
ance of the total fluorine content of the system. For the
spectra of Na-bearing quenched melts, the relative intensity
of the 1,100-cm~* band was converted to relative propor-
tion with the aid of the method described by Seifert et al.
(1981). Because the only fluorine-free silicate units are SiO,
and Si,0%7, the proportion of SiO, is obtained by differ-
ence. For the SiO,— AlF; melts if it is assumed that all
fluorine resides in fluorine-substituted silica tetrahedra
(e.g., 8i,O-F,), the AI** added to the melt acts as a net-
work modifier and is associated with Si,O%" structural un-
its. These units may be balanced, for stoichiometric pur-
poses, as Al,(Si,05),. In quenched NaF — SiO, melts, these
units are balanced as Na,Si,O5. These balanced expres-
sions are not meant to imply that complexes such as
Na,Si,0, and Al,(5i,05); exist in the melts as in a crystal
structure. Rather, the anionic silicate units and Na* and
AI**, respectively, must be closely associated in the melts
in order to maintain electric neutrality. This latter assump-
tion is additionally justified in the system SiO,— AlF; be-
cause the spectra do not exhibit AI(IV)—O stretch bands
(between 750 and 900 cm™!; McMillan et al. 1982; Seifert
et al. 1982) that would indicate the presence of aluminate
or aluminum-bearing silicate units. The latter structural fea-
ture would lead to a systematic frequency decrease of the
high-frequency Si— O stretch bands as a function of increas-
ing Al/(Al+Si) (McMillan et al. 1982; Seifert et al. 1982).
Such spectral features were not observed (Fig. 2). With this
assumption the proportion of Si,02~ can be calculated
from mass balance of Al/(Al+ Si). The resulting propor-
tions of structural units as a function of F/(F+Si) are
shown in Table 3. As is also evident from the raw intensity
data in Figure 7, the proportion of Si,O,F, complexes in-
creases at a significantly greater rate with increasing F/(F +
Si) in the SiO,— AlF, quenched melts compared with the
SiO, — NaF quenched melts. The rate of change in the pro-
portions of silicate units (relative to fluorine + fluorine-free
structural units) shows only small differences between the
two systems.

Solubility Mechanisms of Fluorine

The solubility mechanisms of fluorine in SiO,—NaF and
Si0, —AlF,; quenched melts can be ascertained from the
above data and expressed with the following equations:

6Si0, +2NaF = Si,0,F, + Na,Si,0; )

Table 3. Proportions (mole fraction) of coexisting units in melts

Xsio0, Equilibrium

constant (K,)

XSi;O%’ XSi407F2 Xnar

Sio, 1.00 0.00 0.00 0.00 -
NS5 0.67 0.33# 0.00 0.00 -
SA10 0.60 0.40° 0.00 0.00 -
NSF10  0.78 0.04 0.16 0.02 73
NSF5 0.57 0.14 0.18 0.11 61
NSF2 0.38 0.12 0.21 0.29 71
ASF18  0.85 0.04°¢ 0.11 - —
ASF9 0.76 0.06 0.18 - —
ASF6 0.43 0.14 0.43 — -

® From Mysen etal. (1982b). The value includes SiO%~ units
(Xsi0z- =0.075; Xg;,02- =0.255)

® The spectrum (Fig. 3) indicates a very small proportion of SiO%~
(<1 mole%), which is ignored in the calculations

¢ Not observed in the spectrum (Fig. 2) but inferred from mass
balance

0.7 I [ I [
0.6~ NBO/Si=/n z'1 M/ sid N
-
M: Na or Al
n: Electric charge
05 —
04— —
0.3 -~
02— —
2 §i0,--NaF
o1l Si0,—AIF, |
o [ 1 1 r
0 0.1 0.2 0.3 04 0.5

F/(F + Si)

Fig. 8. Degree of polymerization (expressed as nonbridging oxygen
per silicon, NBO/Si) of SiO,—NaF and SiO,—AlF; melts as a
function of F/(F + Si) of the melts

and
18 Si0, +2 AlF, =3 Si,O,F, + Al,(81,05);. 3)

The justification for the formulations Na,Si,0;,
Al,(8i,05); and Si,O,F, is given above. It is evident that
fluorine acts as a depolymerizer of silicate melts and that
the rate of increase in NBO/Si of the melts, expressed as
a function of added F/(F+Si), is approximately equal
whether the fluorine is added as AlF, or as NaF (Fig. 8).
The equilibrium constants for reactions (2) and (3) are

K, =[S8i,0,F,] [NazSizo5]/[Sioz]6[1\1aF]2 @



and
K, =[Si,0,F,]’[AL,(Si,05),]/[Si0,] *[AIF, . )

In these expressions the AlF; and NaF notations are sche-
matic expressions employed to obtain local neutrality
around the F~ anions that are not a part of the fluorinated
silicate network. The Raman spectra do not reveal the exact
nature of these complexes, and the notations are used here
only for stoichiometric purposes. By substituting mole frac-
tions for activities, the value of X, may be calculated from
the data in Table 3. At the temperature from which all
melts were quenched (1,550° C), the value of K, does not
depend on the proportion of the individual structural units,
and the standard-state free energy of the reaction also re-
mains constant (~ — 15 kcal/mole).

The Raman spectroscopic data are insufficiently sensi-
tive for calculation of the value of X, because, within exper-
imental uncertainty, only Si,O-,F, units can be detected.
At given F/(F+8Si) the abundance of Si,O,F, units in
SiO, — AlF; quenched melts is significantly greater than in
SiO,—NaF melts. As a result, [Si,0,F,] in equation (5)
is greater than in equation (4). The spectra do show, how-
ever, a very significant proportion of SiO, units left, even
with F/(F + Si)=0.33. In principle, there should, therefore,
also be some aluminum fluoride in the melts. Tt is likely,
however, that because [Si,O,F,](SiO,— AlF,) is greater
than {Si,O,F,](Si0, —NaF), and this activity term is raised
to the third power in equation (5), K, is much greater than
K. Consequently, the relative stability of sodium fluoride
complexes in silicate melts greatly exceeds that of aluminum
fluoride complexes. One may speculate, therefore, that in
sodium aluminosilicate melts, a significantly greater pro-
portion of the fluorine will occur associated with sodium
rather than as aluminum fluoride complexes. Solution of
fluorine in aluminosilicate melts is therefore likely to result
in the stabilization of metal fluoride complexes (e.g., NaF
type), and fluorine in exchange for bridging oxygen in the
silicate network. This mechanism also leads to the forma-
tion of nonbridging oxygen in the melt. It is suggested that
this mechanism may help explain the changes in physical
and chemical properties of fluorine-bearing silicate melts
compared with the fluorine-free analogues.
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