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Multiatomic Ion Model for Interdiffusion
in the System Na,0-CaO-SiO,
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Concentration distributions after interdiffusion at 1200 °C were analysed for the diffusion couple of average
composition 16Na,O-12Ca0-72Si0, (wt%) in terms of self-diffusion coefficients of constituent elements. Theoreti-
cal calculation was conducted using a multiatomic ion model assuming that Si migrates with oxygens as a silicate ion.
The composition of the silicate ion was estimated by determining the parameters in the diffusion equation so as to
provide the best fit of the theoretical calculations to the experimental concentration profiles.

In spite of its scientific and technological impor-
tance,!»? the interdiffusion mechanism of liquid silicates
has not been thoroughly clarified because of the struc-
tural complexity of ionic solutions. Another reason
is due to insufficient thermodynamic and self-diffusion
data necessary for the analysis of interdiffusion. With
respect to the diffusion data, a system CaO-Al,04-SiO,
is the only multioxide liquid for which tracer diffusion
coefficients of all the constituent elements are known.®
For the present system Na,O-CaO-SiO,, tracer diffu-
sion coefficients of sodium,? calcium,?® and oxygen?”
are known but that of silicon has not been determined
as yet.

In Wakabayashi and Oishi’s analysis of liquid-state
interdiffusion in the system Na,O-CaO-Si0,,® simple
application of the monoatomic diffusion model did not
satisfactorily describe the concentration distribution
but the assumption of two different oxygen species with
different diffusivities gave theoretically calculated con-
centration distribution agreeable with the experimental
results. They interpreted that the fast and slow oxygen
species correspond to the non-bridging and bridging
oxygens, respectively. A non-bridging-oxygen controlled
mechanism was also discussed for dissolution of solid
SiO, in liquid Na,O-3SiO, by Barklage-Hilgefort and
Frischat.® In these two papers, the diffusion coefficient
of the fast, not the whole, oxygen is assumed to be
equal to that obtained by the tracer technique. In
the tracer technique, however, the oxygen diffusion
coefficient was calculated on the assumption that all the
oxygen atoms are equally capable of undergoing isotope
exchange. This contradiction is dissolved in the present
work by interpreting the tracer diffusion coefficient as
the average of self-diffusion coefficients of the fast and
slow oxygen species.!® This interpretation implies that
the constituent element N of compound M,,N,, diffuses
not only as monoatomic ion N7~ but also as neutral
undissociated molecule M,,N,, or as ion pair M#+N7-;
tracer diffusion coefficient Dy* is expressed as the
weighted average of the self-diffusion coeflicients of
those diffusing species, as described by Eq. 1,

Dy* =J’1DN1 + 7eDyux + 3D0, (1
where y,;, 9;, and y; represent the single-atomic fractions
of element N, shared by N~-, M"*N”- and M,,N,,
respectively, and Dy,, Dun, and D, the self-diffusion
coefficients of diffusing species N7-, M®**N7- and
M,,N,, respectively.

In the analysis'® of the interdiffusion in liquid system
Ca0-Al,04-Si0,, theoretical calculation of the diffu-
sion profiles showed good agreements with the experi-
mental results in the case where the oxygen tracer
diffusion coefficient defined as Eq. 1 was employed for a
multiatomic ion model, in which the composition of
the silicate ion was described in terms of unknown
structure parameters. This analytical procedure was
used in the present work to examine its applicability
to the liquid interdiffusion of the system Na,O-CaO-
SiO,. Since the Si self-diffusion coeflicient in the system
Na,O-CaO-SiO, has not been determined, though
those of three other elements are known, the self-
diffusion coefficients of the fast and slow oxygens can
not be determined only from the structure parameters
of the silicate ion, as was the case in the system CaO-
Al,O4-S8i0,. Consequently, the self-diffusion coefficient
of the fast oxygen was also described with the aid of a
new unknown parameter in the theoretical calculation
of the diffusion profiles.

The flux density equation necessary for analysis of
the present interdiffusion was derived in terms of self-
diffusion coefficients of the constituent ions from
Nernst-Haskel’s equation modified with the mass flow
term as defined by Darken.!¥ The system Na,O—CaO-
SiO, is understood to be thermodynamically nonidea)
with respect to oxide components. However, instead
of describing the non-ideality in terms of the thermo-
dynamic factor, the present analysis of interdiffusion
was conducted on the assumption that a nonideal
system with respect to oxide components can be treated
as an ideal system with respect to actually diffusing
units.1?

Theoretical

Moulticomponent Diffusion Equation for Ionic Systems.
The flux density of the 7th ion can be described as
Eq. 2 for chemical diffusion in a thermodynamically
ideal ionic multicomponent system,

Ji=~— Di’aa% + Cw + Dtczzi‘R_FT‘ & )
where J, is the diffusion flux density, D; the self-
diffusion coefficient, C; the concentration, Z; the
valence of the ith diffusing species, x the diffusion
distance, v the mass flow velocity, F the Faraday
constant, R the gas constant, T the absolute temper-
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ature, and ¢ the strength of the electric field resulted
from differing diffusivities of various diffusing ions.
The conditions of the volume-fixed frame and no
electric current resulted are described by Egs. 3 and 4,
respectively,

2 ViJi=0 3)
2z =0, )

where V; is the molar volume of diffusing species 7, and r
denotes the number of components. Conditions of the
electrical neutrality and a constant molar volume of
each component with Eqs. 3 and 4 allow to rewrite
Eq. 2 in a general equation as Eq. 5,

J = — TngiJ aC; (=121 —2) (5)
=1 ax

where the coefficient M;; is given as Eq. 6 as a function
of self-diffusion coefficients, concentrations, valences,
and molar volumes of the components,

¢,

Mlj = Dialj - 7
(Z,.,V,— 2.V, )3 CZ*Dy
k=1

X {(Zr_lV'r_ZrVr-l) [ZZZJDl
+ kglckaDk(Zij_ZJVk)] X D,
+ (ZV,~Z,V)[2Z, D,

+k2:1‘] CZiD(Z V.1 —2Z,4Vi)] X D,_,

+ (Zer—l _Zr—le)[ZtZrDl
+ kE:leZIch(Zer_ZrVk)] X D,}, (6)

where d,; is Kronecker’s 4.

Diffusing Units and Their Self-diffusion Coefficients.

The self-diffusion coefficient of sodium? is greater than
those of calcium® and oxygen,” in the system Na,O-
CaO-S5810,, and the activation energy for sodium? is
half of those for calcium® and oxygen.” These facts
suggest that the diffusing unit of sodium is the single-
atomic Nat ion. The self-diffusion coefficient of calcium
is greater than that of oxygen in this system and similar
to that of calcium!® in the system CaO-Al,0,-SiO,
in which the diffusing unit of calcium is interpreted
to be the single-atomic Ca?* ion.!® Based on these
facts, the diffusing unit of calcium in this system is
assumed to be the single-atomic Ca?* ion. For a simple
demonstration of the present diffusion model, a single
multiatomic silicate ion is assumed to be the diffusing
unit of silicon as the average of various silicate ions
which may actually exist in the liquid silicate.13-1%
Since the composition of the present system is rich in

TABLE 1. DIFFUSING SPECIES AND THEIR
SELF-DIFFUSION COEFFICIENTS

Diffusing Self-diffusion
species coefficient
Nat Dy, *
Caz+ D, *
Sinron( 2T+1)2n— DS
(oL Dy
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Si0,, the structure model of the silicate ion is described
as discrete ion as proposed by Bockris et al.1® Table 1
summarizes the diffusing units and their self-diffusion
coefficients assumed in this study. Here, the structure
of the silicate ion is described as n-membered r-fold
rings of SiO, tetrahedra joined at apices. The oxygens
composing this silicate ion are the slower oxygen species
and the remainders are the faster species, where the
concentrations of the two kind of oxygens are given
by Egs. 7 and 8 from the requirement of the number
conservation of the total oxygen atoms.

Ca= Cu(24) 7)

CF =Co — Cs1 (8)

where Cg; represents the concentration of Si atoms and
Cs, Cp, and Co represent concentrations of the slow,
the fast, and the total oxygen atoms, respectively.

In Table 1 star-marked self-diffusion coefficients are
those determined by the tracer technique, while the
self-diffusion coeflicients with no mark are defined as
follows: The tracer diffusion coefficient of oxygen, Do*,
is the weighted average of self-diffusion coefficients of
the slow and fast oxygen species, as described by Eq. 9,

CSI CF
Co Co

where Ds is the self-diffusion coefficient of the slow
oxygen, which is the same as that of the silicate ion, and
Dy is that of the fast oxygen.

Determination of Parameters jfor Diffusing Units.

The diffusion couples in the present work were designed
with relatively small concentration differences (10 wt9%,)
so that the self-diffusion coefficients of all the diffusing
species may be regarded as composition-independent.
Consequently, coefficient M,; in Eq. 6 is also regarded
as constant and calculated for the average composition
of the diffusion couple where the valences of diffusing
species are read from Table 1. The molar volumes are
so defined that the volume of the system is determined
only by the volume of the oxygen atoms, as described
by Eq. 10,

VNa“" = VCa“’ =0
V(Siuron(2r+1))/V02_ = n(2r+ 1)

Self-diffusion coefficients of the constituent elements,
Dy *,9 D¢, *,5 and Do*" are taken from the literature.

Applying the continuity equation to Eq. 5, the
analytical solution can be derived as Eq. 12 for the
initial and boundary conditions described by Egs. 11,

Do* = Ds -+ DF (g)

(10)

Ci = Ly,4 x<0, t= 0
Ci=Cis x>0, t=0
(11)
C,=0Ci .4 x = —o0, t >0
C;=C;» x = +o00,t>0

where C; 4 and C; 5 denote the initial concentrations of
diffusing species ¢ in the left and right sides of the
diffusion couple, respectively.

=2 -2

1 X
C;=C 5+ ?15:]1 ’gls,kkkj(c,_l—cj,,,)erﬁ(——z «/ZI) (12)

where S;;, R;;, and J; are the constants given by Eq.
13,10)
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4= {(M11+M22) + Q}/2
Ay = {(M11+M22) - Q.}/2
S = (Mp—My) + Q
Sie = (Mn"‘Mzz) -Q

So1 = Sps = 2My, (13)
Ry, = 1/2Q.

Ry, = {_(Mll—M22)+Q-}/4M12Q,

Ry = —-1/2Q

Ry, = {(M11—Mzz)+Q.}/4M12Q
Q= {(Mu—'Mzz)z + 4M, My}

Theoretical concentration distributions were repeated-
ly calculated using Eq. 12 for various magnitudes of the
parameters until the best fitting to the experimental
distributions are attained. The best fitting was carried
out by minimizing the objective function F given by
Eq. 14,

F

[23‘41 Jil_l {Wo(x)) =W (x,)}2[3N,]12, (14)

where W (x,) and W,¢ (x,) represent the experimentally
determined and calculated concentrations (in wt
fraction) of oxide component ¢ at diffusion distance x,,
respectively, and N; denotes the number of the measure-
ments for oxide component i. The experimental concen-
tration distributions were taken from Wakabayashi and
Oishi’s paper.®

Results and Discussion

Figure 1 shows the theoretical concentration distribu-
tions (solid curves) calculated by Eq. 12 for the diffusion
couple 16Na,O-7Ca0-775i0,-16Na,0-17Ca0-678i0,
(wt%) at 1200 °C for diffusion time 4.00 h so as to best
fit to the experimental results determined by
Wakabayashi and Oishi® (plotted). The theoretical
calculation is in good agreement with the experimental
results. The experimentally determined ‘“‘up-hill
diffusion” of the component Na,O which had no initial
concentration difference has been satisfactorily described
by the theoretical calculation of the present diffusion
model. The solid curves for theoretical calculations in
Fig. 1 were obtained for the self-diffusion coefficient
of fast oxygen species, Dp=7.54x10-8 cm?/s, which
determined the self-diffusion coefficient of silicate ion
as D;=1.37 x 10-8 cm?fs.

The theoretical calculation of the diffusion profiles
was carried out also for the second diffusion couple
21Na,0:7Ca0-728i0,-11Na,0-17Ca0-728i0,,  for
which Wakabayashi and Oishi determined the diffusion
profiles experimentally at 1200 °C for diffusion time
2.00 h. The second diffusion couple was designed with
no initial concentration difference in SiO, so as to have
the same average composition as and a different com-
positional direction from the first diffusion couple.

The theoretical calculation for the second diffusion
couple gave concentration distributions (solid curves)
close to the experimental results (plotted), as shown in
Fig. 2. However, with respect to the structure param-
meter n, its magnitude could not be successfully opti-
mized within the reasonable magnitude range. This
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Fig. 1. Theoretical and experimental concentration
distributions for the diffusion couple 16Na,0O-7CaO-
77510,-16Na,0-17Ca0-67S10, (wt%).
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Fig. 2. Theoretical and experimental concentration
distributions for the diffusion couple 21Na,O-7CaO-
72Si0,-11Na,0-17Ca0-728i0, (wt%).

seems to be due to composition-dependences of the self-
diffusion coefficients, the thermodynamical nonideality,
or/and the size distribution of the silicate ions, which
is suggested by the asymmetrical diffusion profiles.
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