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Synopsis: The structure of molten slags with the chemical composition of xNa 2 0+(0.8x)Si02+0.2Ti02 (x=0 . 2, 0.3 and 0.4) has been investigated by a high temperature X-ray
diffraction method. After calculating the coherent scattering intensities by the common
procedure for disordered system, the radial distribution functions for three molten slags
were obtained, from which structural parameters in near neighbor region were estimated.
Silicon is found to be tetrahedrally coordinated by four oxygen in the composition range
presently investigated. Whereas, the coordination number around titanium appears to decrease with the increment of Si0 2 /Na 2 o ratio. This suggests that a tetrahedral site of
oxygen for titanium is rather preferred in the higher Sio 2 region. The structural analysis
of glassy slags with the same chemical compositions were also carried out. The resultant
structural parameters in glassy slags again follow the characteristic structural variation
around titanium detected in the molten state.
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1.

Introduction

The molten slags in the Na 2 0-Si0 2 -Ti0 2 system have long received much attention, by
finding some characteristic variations of physical properties as a function of chemical
composition. For example, the addition of Tio 2 to the Na 2o - sio 2 system induces the decrease in viscosity (1)(2)(3). This suggests that the Ti0 2 behaves as a component of socalled network modifier in this silicate slags. Similar observation has been confirmed by
the measurements of electrical conductivity of this slag system (4)(5]. Ti0 2 is known to
be one of the amphoteric compounds in silicate system and the ionic radius of titanium
suggests its potential variation in the environmental structure, such as 4-, 5- and 6-fold
coordination of oxygen. Nakamura et al. (5) discuss the variation of electrical conductiv~ty of Na 0-Si0 -Ti0
2 melts by introducing the preference of octahedrally coordinated
2
2
titanium in the Si0 2 rich region, although they rather suggest the predominant effect of
the amount of Na 2o. Kusabiraki and Shiraishi (1981) propose a preference of octahedrally
coordinated titanium in this slag system from infrared emission spectra with suggestion
that any evidence for the tetrahedrally coordinated titanium was not well recognized (6).
In this context, structural investigation of molten Na 2 0-Si0 2 -Ti0 2 slags has been strongly
required, but not available yet within the best knowledge of the present authors. This
prompts us to report our recent results on the melt structure of this slag system by a
high temperature X-ray diffraction method.
2.

Experimental procedures

Slag samples with three chemical compositions of xNa 20+(0.8-x)Si0 2+0.2Tio 2 (x=0.2, 0.3
and 0.4) were prepared from the required amounts of sodium carbonate, silicon dioxide and
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titanium dioxide powders. The weighted chemica l regents were melted
in a platinum crucible
at about 1573 K, then quenche d by sandwic hing the melts between
two water-co oled brass
plates. Repeatin g this procedu re three times for homogen ization, the
flakes of glassy slag
samples were success fully obtained . The color of 0.2Na o+0.6Si 0
2
2 +0.2Ti0 2 glass appears
black brown and others tinge yellow. The chemica l analysi
s of these three samples indicates no signific ant deviatio n from the required nominal composi
tions (within 2 mol%). A
miniatu re furnace compose d of four small silicon- carbide ceramic
heaters and refracto ry
brick was prepared for the present high tempera ture X-ray diffrac
tion measure ment. This
miniatu re furnace was set on the two water-c ooled electrod es in
a high tempera ture chamber( 7), making it possible to maintai n the sample tempera ture within
±10 Kata desired
tempera ture below 1673 K. Prepared slag samples were charged into
a platinum contain er
3
(30x20x3 mm ) settled in the center of a furnace, and the sample tempera
ture was monitore d
by a Pt-Ptl3% Ph thermoco uple inserted into the position just below
the platinum containe r
during the course of measure ments. X-ray scatteri ng intensi ties
from the molten slags at
1373 K (x=0.2), 1343 K (x=0.3) and 1323 K (x=0.4) in air were measured
using a theta-th eta
diffract ometer which allowed the sample to be held in a stationa ry
horizon tal position and
the X-ray tube and detecto r rotated in opposite directio ns (7). The
scatteri ng intensit y
was obtained using Mo Ka
radiatio n with a singly-b ent pyrolyt ic graphite monochr omator
in the diffract ed beam in the angular range from 2° to 55°, which
correspo nds to the wave
vector Q=47rsin ()/"A from 6 to 145 nm- 1 , where A is the wave length
and 20 is the angle
between inciden t and diffract ed X-ray beams. In this work, the observed
intensit y data at
1
Q less than 6 nm- were smoothly extrapo lated to zero at Q=O nm- 1
. The effect of these
extrapo lation or truncat ion up to Q=l45 nm- 1 for the broad peaks
observe d in a liquid
sample is known to make no critical contribu tion to the radial distribu
tion function (RDF)
calcula ted from the coheren t scatteri ng intensit y by the Fourier
transfor mation, if only
1
the Q value exceeds about 70 nm- (8). The structur al analysis for
glassy slags with same
chemica l composi tions were also carried out for comparis on.
The method for analyzin g the X-ray scatteri ng intensit ies of disorder
ed systems is very
common and has already been describ ed in detail (9) . Consequ ently,
only the essenti al
features are given below. After applying correcti ons for absorpt
ion, polariz ation, and
Compton scatteri ng (10) to the measured intensit y data in the usual
manner (9), the X-ray
scatteri ng intensi ties were converte d into electron units, by the
general ized Krogh-M oeNorman method (11) with the density values and then the
reduced interfer ence function
Qi(Q) was straight forward ly obtained .
The electron RDF can be readily estimate d by applying the common
Fourier transfor m to
the interfer ence function in electron units, i(Q), which are defined
as follows;
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where IeufN is the intensit y of unmodif ied scatteri ng in electron
units per unit of composition, f j and f e are the atomic scatteri ng factor and the average
scatteri ng factor per
electro n, respect ively.
Pe is the average number density of electro ns and Zj is the
atomic number of j-eleme nt. The term of exp(-a 2 Q2 ) is a converg
ence factor, usually
introduc ed to minimize the truncati on error and weigh down the uncerta
inties at the higher
wave vector region. However, the value of a is assumed to be zero
in the present calculation of the experim ental RDF. In this work, the densiti es of
three glassy slags were
measured by Archime des' method with toluene . While those of molten
slags were estimate d by
using the variatio n between the density values of glassy and molten
states detected in the
Na 20-Si0 2 system. The calculat ed RDFs in the low r region below the
nearest neighbor peak
should be zero, because the atoms do not approach one another inside
the atomic diamete r.
Therefo re, the reduced interfer ence function s given in this work include
a correcti on term
so as to remove the spuriou s oscillat ions in the low r region of
calcula ted RDFs by the
usual method [9) .
On the other hand, the electron RDF can also be calculat ed for particu
lar distance s
rij and coordin ation numbers Nij of i-j pairs using Pair Functio
n Distrib ution (PFD)
equation [12) .
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The correlation distance is readily determined from the position of the correspondi ng peak
in the experiment al RDF data. In addition, the coordinatio n numbers, can be estimated by
finding the quantity of Nij which will bring the calculated RDF using equation (3) to the
best fit with the experiment al RDF. In this process, the value of a=0.05~ 0.07 is employed on the basis of previous studies on various oxide melts and glasses (13)(14). In
this process, the variation of rij and Nij in experimen tal RDF are ±0.002 nm and ±0.2
atom, respective ly. It may be worth mentioning that the data processing using equation (3)
is effective only for a few near neighbor correlation s.
Results and Discussion

3.

Figure l(a) and (b) show the concentrat ion dependence of the coherent intensity profiles for three molten slags and correspond ing 1glassy slags, respective ly. A shoulder at
Q=l2 nm- 1 and a small peak at around Q=30 nm- become appreciabl e with increasing Na 2 o
content in both the molten and glassy states, although such features in X-ray intensity
profiles are rather vague for the molten case. This is mainly attributed to the large
amplitude of atomic variation in the molten state, compared to those in glassy state.
However, it may rather be stressed here that no particular change is detected in the X-ray
intensity profiles of Na 20-Si0 2 -Ti0 2 slags, indicating structural similarity between these
two disordered states in the composition region presently investigate d.
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Figure 1. The coherent intensity profiles of (a)molten and (b)glassy slags
of xNa 2o+(0.8-x)S io 2 +0.2Tio 2 (x=0.2, 0.3 and 0.4).
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Figure 2. The reduced interfer ence function s of molten (solid lines)
and
glassy (dotted lines) slags of xNa 0+(0.8-x )Si0 +0.2Tio (x=0 . 2, 0.3
and 0.4).
2
2
2
As given in equation (2), a knowledg e of the function Qi(Q) is useful
in the RDF analysis for disorde red systems . Consequ ently, Fig.2 shows the reduced
interfer ence function s
Qi(Q) of Na 0-Si0 -Ti0 slags , where those of glassy slags are
2
indicate d by dotted lines.
2
2
It may be noted that the reason for the introduc tion of a factor of
Q is to suppleme nt the
observa tion of the small oscillat ing behavio r in the high Q region.
The general features
of the reduced interfer ence function Qi(Q) for all samples are similar
to that of typical
oxide melts and glasses . Namely, the profiles of Qi(Q) are compose
d of the first peak at
1
Q=22 nmfollowed by a number of peaks, which contras t to the cases of metallic
glasses
where the damping behavio r of the function Qi(Q) is rapid and monoton
ic [9]. If species
having definite bond lengths and angles exist, persiste nce of the
oscillat ion in Qi(Q)
would be clearly detected in the high Q region [11]. Therefo re, the
oscillat ions observed
in these molten and glassy slags imply that a conside rable fraction
of the local ordering
unit structur e remains although its distribu tion appears to be random.
It is worth mention ing from the results of Fig.2 that a comparis on
of the Qi(Q) function
in the molten state with that of the glassy one shows only minor
differen ce. This is
particu larly true in the high Q region. Using the charact eristics
of the Fourier transfor mation, such behavior suggests no signific ant differen ce, at least,
in the local ordering
structu re near neighbo r region between two disorde red states of
Na 2 0-Si0 2 -Ti0 slags.
2
However , it should be remembe red in mind that there may be a certain
differen ce in the
slag structur e over long distance s.
The RDFs of molten and glassy slags are shown in Fig.3(a) and (b),
whi ch correspo nd to
the Fourier transfor m of the Qi(Q) function s in Fig.2 . The first peak
at around 0.16 nm in
the RDFs of all samples appear almost complete ly resolved and the
subseque nt oscillat ions
are reduced so as to converg e to the average number density value
at the larger di stance
of r. Informa tion of local orderin g unit structu res could be obtaine
d by fitting the
respecti ve peaks with the pair function method . The arrows in Figs.3(a
) and (b) denote the
distanc es of some pairs expecte d from the informa tion on ionic
radii of constitu ent
element s. It may feasible to conside r the peak at around 0.16 nm
and 0.27 nm as Si-0 and
0-0 pa i rs, respect ively. Whereas the resoluti on around 0.20 nm
in the RDF for both the
molten and glassy slags is not enough for separati ng two expected
pairs of Ti-0 and Na-0.
Therefo re, the interato mic distance s and coordin ation numbers of
first four correla tions
were estimate d by means of the pair function method so as to maintai
n the most feasible
values with physica l meaning for interato mic distanc e around sodium
and titanium . The
results are summariz ed in Table 1 along with the density values used
in the present analys is. The calcula ted RDF with structu ral paramet ers listed in Table
1 is given using the
result of a sample of x=0.4 as an example . These results lead to
give the followin g remarks.
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Figure 3. The radial distribution functions of (a)molten and (b) glassy
slags of xNa 20+(0.8-x)Si0 2+0.2Ti0 2 (x=0.2, 0.3 and 0.4). Dotted line is an
example of calculated RDF using the structural parameters listed in Table 1.

Table 1. Structural parameters of molten and glassy slags
of xNa 2o+(0.8-x)Sio 2 +0.2Tio 2 (x=0 . 2, 0.3 and 0 .4).
x
Molten
Glassy

0.2
0.3
0.4
0.2
0.3
0.4

nensits
(Mg/m )
2.47
2.46
2.40
2. 71
2.75
2.75

Si-0
nm (atom)

Ti-0
nm (atom)

Na-0
nm (atom)

0-0
nm (atom)

0.162(4.0)
0.161(4.0)
0.163(4.0)
0.162(4.1)
0.163(4.0)
0.162(4.0)

0.192(4.6)
0.194(5.2)
0.194(5.3)
0.194(4.7)
0.194(5.0)
0.194(5.2)

0.237(3 . 0)
0.239(3.1)
0.239(2.9)
0.233(3.4)
0.232(3.4)
0.234(3.4)

0.265(5.5)
0.269(5.3)
0.271(4 . 9)
0.266(6.6)
0 . 267(7.0)
0.268(7.0)

The number of oxygen around silicon in the present slag samples is estimated to be
four. Thus, the Si0 4 tetrahedra exist as the local ordering unit structures in these
samples. As for Na-0 pair, the interatomic distance agrees well with the values reported
in the molten Na 20-Si0 2 system [15] and shows little variation upon the chemical composi tion. Whereas, the coordination number of Ti-0 pairs estimated here appears to decrease
with the increment of Si0 2 /Na 2 o ratio. This suggests that a tetrahedral site of oxygen for
titanium is rather preferred in the Si0 2 rich region of present slag system. As for glassy
slag in this system, several information have been available [16][17], where the tetrahedral coordination of titanium is rather suggested by neutron diffraction results of
0.1Na 2 0+(0.9-x)Si0 2 +xTi0 2 (x=O, 0.05, and 0.20) glasses [17]. The present results are
compatible with these previous experimental data.
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4.

Concluding remarks

The present RDF analysis for Na 2 0-Si0 2 -Ti0 slags in both molten and glassy states
2
confirms the tetrahedrally coordinated silicon as a fundamental local ordering unit. The
titanium is suggested to occur preferably the tetrahedral site of oxygen in the higher
Si0 2 region. No significant difference could be detected in the structural features of
this slag system between the molten and glassy states. The definite comments on the role
of Tio 2 in the variation of viscosity and electrical conductivity of Na 0-Si0 -T i 0 slags
2
2
2
can not be obtained from the present structural information alone. Nevertheless, the
present authors maintain the v i ew that the change in the coordination number around titanium has one of the origins for the unusual behavior detected in the measurements of these
physical properties for this molten slags. It would be useful to carry out some further
structural studies of Na 2 0-Si0 2 -Ti0 2 slags using the energy-dispersive X-ray diffraction
method, in order to get more high-resolution RDFs compared to those obtained by the conventional technique.
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