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Abstract. Tracer diffusion of oxygen in CoQ-5i0; silicate melts has been studied in the
composition range of 0.3 € Xsio, € 0.45 (X = mole fraction) at 1450 to [550°C, Experiments
were carried out using a capillary—reservoir method, involving a specially designed capillary
to avoid convection effects. '8 diffusion profiles were obtained from secondary-ion mass
spectrometric analysis. Effective diffusivities, Df ;. were obtained by fitting these profiles to
the appropriate solutions of Fick's second law. The effective diffusivity of oxygen was found to
be smaller than that of cobalt. but larger than that of silicon. The composition dependence of the
activation energies for oxygen diffusion, £,, is significantly different from those of silicon or
cobalt: the variation of E with the composition was less in the case of oxygen. Experimentally
determined diffusion profiles have been compared to those of computer simulations that are
based on 2 kinetic model. The agreement between the shapes of the experimental and simulated
concentration profiles, as well as the similarity in the composition dependence of experimental
and simulated D . is evidence for the strong tendency towards polycondensation in cobalt
silicate melts.

1. Introduction

The physical and chemical properties of silicate melts are of considerable significance for a
great variety of technological applications, and they are very important for the understanding
of geophysical and petrological phenomena. Properties such as viscosity, diffusivity,
electrical and thermal conductivity are strongly affectsd by the chemical composition,
pressure and temperature. A number of models for the structures of silicate melts have
been developed based on experimental data of thermodynamic properties [1-6].

The nature ‘of silicate melts may be better understood by examining the relationships
between their structures and the mobilities of the stroctural constituents, which can be
measured during self- and interdiffusion processes. The basic structure of silicate melis is
the SiO;f" tetrahedron. This anion unit is able to share its oxygen atoms with other silicon
atoms in a polymerized chain, forming complex polyanions of various sizes. From this, it
may be inferred that the transport properties of quasibinary silicate melts MO-S8i0; depend
on the nature of the cation (M) and, for a given cation, on the ratio of MO to 5i0,, as well
as on the temperature.

In literature relating to the transport properties of quasibinary snhcate melts, there is
only one system, PbQ-SiQ, at 850°C, that has been thoroughly studied by the group
of Schmalzried [7-9]. In addition to this study, other significant investigations include the
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tracer diffusion and electrical conductivity measurements in the system Ca0O-Si0; at 1600°C
by Schwerdtfeger and Keller [10-12], and the chemical diffusion and tracer diffusion of
binary alkali silicate melts MO-SiO, by Frischat's group [13].

Recently, Kieffer and Borchardt investigated diffusion in CoO-Si0; melts [14, 15].
Co0-Si0; is a model system for process metallurgy and glass production, because cobalt,
like iron, exists in silicate melts in more thar one oxidation state. Kieffer and Borchardt
measured tracer diffusivities of Si and Co at different temperatures and at different
compositions. In order to interpret their experimental findings, they formulated a kinetic
model [16] for binary silicate melts, which relates the details of the silicon mass transport
to the polyanionic melt structure. The equilibrium distribution of polyanions can also be
derived from this model, and this distribution agrees qualitatively with that obtained from
thermodynamic calculations [1-6].

In this paper we report on our experimental investigation of the '*Q tracer diffusion
in CoO-S8i0; melts as a function of temperature and composition. The kinetic model
mentioned above has been extended by the present authors to describe tracer diffusion of
both oxygen and silicon in binary silicate melts by means of computer simulation (see
the following paper [17]). The results of these computer simulations are compared with
experimental data, providing explanations for the structural and compositional dependence
of elemental mobilities,

2. Experimental details

In this work two major difficulties associated with CoO-SiO, melts had to be dealt
with: first, prevention of spurious results associated with convection during the diffusion
experiment; and secondly, avoidance of the detrimental effects of gas bubbles that form and
rise in the melts during cooling and upen solidification. The physical solubility of oxygen
in the liquid silicate is greater than that in the solid. Owing to the reaction

4Co> + 207 > 4Co* 4+ O4(e)

chemically formed oxygen is released if the temperature is lowered below the liquidity of
phases that involve divalent cobalt. In order to make a microscopic analysis (secondary-ion
mass spectrometry, SIMS), however, a fine grain structure of the sample through a rapid
quench is desirable. In earlier investigations, Kieffer successfully solved this problem by
using a specially designed capillary [14]. His design allows the excess gas to escape through
lateral slits, perpendicular to the diffusion path (see figure 1{«)).

In comparison to the Si and Co tracer diffusion experiments, the set-up for the oxygen
tracer diffusion experiment is more complicated, owing to the precautions required for the
preparation and maintenance of tracer sources. The argon atmosphere used in the experiment
contained oxygen (partial pressure of oxygen is about 1 Pa), and hence exchange reactions
between this atmospheric oxygen and the tracer oxygen in the melt are likely to occur
wherever the melt is exposed to the furnace atmosphere. Therefore, the earlier capiflary
design, developed by Kieffer, was not suitable for the present oxygen diffusion experiment,
as it has an ‘open’ edge. To solve this problem, while preventing bubble formation and
the associated convection during the quench of the sample, a new type of capillary was
developed. It consisted of a central cylindrical part and two radial wedge-shaped fins (see
figure 1{(b)). Upon rapid cooling, the melt in the fins immediately solidified and the gas
was released towards the central part of the capillary. Bubbles that formed here could either
rise through the central part, as long as the melt remained liquid, or eventually got trapped
upon solidification. With this procedure, the outermost parts of the fins were free of gas
bubbles and the isotope profiles could be analysed without difficuity.
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Figure 1. Schematic diagrams of the forms of Pt-Rh capillaries. () For Co and 'Si diffusion
experiment by Kieffer [[4]. (&) For O diffusion in this work: 1, cylindrical part, open side; 2,
fins; 3, closed side. _ _

2.1. Oxygen diffusion experiments

To minimize costs, and to maintain a reasonable accuracy, a capillary—reservoir methed
was chosen, where the '$0-bearing melt was placed in the capillary. The '®0 isotope was
introduced in two different ways. The first way was the oxidation of Co powder according
to the reaction;

2Co + O3 (g) — 2Co0* o . Q)
In second approach the '#0O was combined with silicon according to the reaction:
SiCls + 2H,0° — SiO% + 4HCI(g) )

In both cases we used a 50:350 mixture of 80, and %0, (Ventron GmbH, Karlsruhe,
Germany).

The oxide mixture used for the reservoir melts was prepared via a gel method, using
- spectrally pure materials. An alloy of Pt-20% Rh was used as the material for the reservoir
crucible and for the capillary. The capillary was cut from a Pt-20% Rh tube (diameter
4.5 mm, thickness 0.1 mm). After cleaning, it was shaped according to the diagram in
figure 1(»), and one end was closed by welding.

Known amounts of cobalt and silica powder were mixed, ground, die-pressed into
pellets, and placed into a vertical vacuum tube furnace. In the furnace the pellets were
heated in a gas atmosphere of '#0,/'%0; and 99.999% argon at 1200°C. A quadrupole
mass spectrometer was used to monitor the oxidation reaction and a closed-cycle pumping
system was designed, allowing one to collect and re-use the gas mixture. After oxidation,
the peliets were ground and filled into the capillary. The capillary was then placed into the
furnace for melting. Subsequently, the capillary was lowered into the cooler zone of the
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Figure 2. Furnace for diffusion experiments after the capillary-reservoir method.

furnace to solidify with the solidification front slowly moving upwards. This process was
necessary to get a bubble-free silicate in the capiliary.

Figure 2 shows the details of the experimental apparatus. A slot was machined into
the bottorn part of the sample holder (3}, which allowed one to release the capillary for a
rapid quench (see figure 3}. An electric probe (34) was used to act as a contact sensor for
positioning the sample relative to the reservoir. The partial pressure of the oxygen used
was adjusted to about 1 Pa. The sample was preheated at 1350°C for 10 min, and was
then moved to the hot zone of the furnace. Within 1 min, its temperature was raised to
1450°C. After attaining this temperature, the sample was immersed into the reservoir melt.
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Figure 3. Schematic diagram of sample holder (3): 31 and 4, sample capillary; 32, slot of
supporter; 33, thermocouple; 34, electric contact probe (see text).

At this moment the actual diffusion experiment began. In order to maintain a well defined
experimental boundary condition of constant *¥0 concentration, the reservoir crucible was
rotated during the experiment at two cycles per minute, by means of a motor connected to
the supporting pedestal. At the end of the diffusion experiment, the sample was taken out
of the reservoir melt (5), and the holder (3) was moved away by rotation, in such a way
that the sample was dropped through the slot (32} and fell into a quenching oil well (see 1
in figure 2).

. 45 {}u._.—hm.-
S 1 :
[y = 1 o

e ]

[ i T 3

0 1 i S
th 40 - = — e,
x 111 - =] . @

11 L5

- - B
R L5
5 354 L 8
-] . L c
g ] .8
8 i L

J - o

o
80 et e =
G ‘ 5 10 15 5 10 ) 0
X (mm) . X {mm)

Figure 4. Concentration profile resulting from chemical ~ Figure 5. Tracer diffusion of 80 Xgo, == 0.333,
diffusion. T = [503°C, t = 3620 5, Dhgg = (233 £0.52) x

1073 cm? 5~



9830 T F Young et al

T 1T ' ¥
X 8i0.=0. Xgi
.y §i0,=0.30 i £i0,=0.33 i
LJ
H
[_]
-
1075 T -
— a3nB * 3 .
r? D;-G.:TBIIO}exp(qBTBST;.’:/R‘:I]: _t D.=3%.7:6 eixp{:-l?i'ﬁ?:ll:ﬂr).
n Xi0,=0,369 2510,=0.397
o 1074 i .
8 : .
X L]
iy .
-g "I- .
N 9
gy H {
] F D=265 " exp(-227601/RT) [ D536 exp(~249150/RT)
3 1 ' + . L. + " + " " ] N n 1 1 L
'Et ' ' 513 5.5 5.7 5.9
’ /7 (R
[ ]
105 -
-|E .
| X &in,=0.428
I
D=L.45 * 105exp(~241104/RT)
108 L o v

5.3 5.5 8.7 ‘ 5.9
/T (107' KRN

Figure 6. Arhenius plots of oxygen tracer diffusivities for melts with various compositions.

2.2. Analysis of diffusion profiles

Before carrying out the actual isotope tracer diffusion experiment, we performed a
preliminary experiment to check possible convection effects. A short-time chemical
diffusion run in which a capillary contained a cobalt silicate melt with Xgo, = 0.45
and a reservoir melt with Xgio, =- 0.30 was performed using the same boundary and
initial conditions as described above. The results indicated that the convection effects were
successfully suppressed. The chemical concentration (Si and Co) of the sample was analysed
by an x-ray energy dispersive scanning electron microscope (SEM), and a smogcth profile,
without any effects of convection, was obtained. Figure 4 represents this profile.

Following this, the actual '8Q diffusion experiment was carried out. Figure 5 shows a
typical concentration profile. For the given boundary and initial conditions, the analytical
formula describing the resulting isotope concentration profile in a capillary with finite length
is [18]:
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Figure 7. 180 diffuswvities as 4 function of composition: (M) 7'Co [14); (@) *Si [14); (4) '20
on CoO* {this work).

4.2 1 2n+ 1 2+ D \?
¢ — 1 = (¢ —cl);Z; T sin (( HZL)Wx)exP l:— (.(..%)ﬁ) Dtj] (3)

where L is the length of the sample, ¢o and ¢; are constant concentration of 180 in the sample
(at ¢ < 0) and in the melt reservoir (at ¢ 2 0) respectively, ¢, is the concentration at the
position x, and D is diffusivity., If the diffusion time # is not too long (for L > 2(D¢)!/?), the
solution for a semi-infinite half-space, which involves only a single error function, provides
an adequate description as well.

3. Results and discussion

By fitting equation (3) to the experimental data, effective diffusivities Dixg were calculated,
assuming that Dug is constant with respect to time and location in the sample. In figure 6
these diffusivities are plotted as a function of the reciprocal temperature, for different
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Figure 8, Activation energy of Co, Si and Q diffusion as a function of composition (Xsin, ).

compositions. The full line in each of these graphs represents the best fit of the Arrhenius
relation

D = Doexp(—Es/RT)

to the data points. Here Dy is the pre-exponential factor, R is the Boltzmann constant and
E, is the activation energy of oxygen diffusion. Figure 7 shows the tracer diffusivities
of 80 as a function of composition for three selected temperatures. For comparison, in
the same figure, plots of the tracer diffusivities of cobalt and silicon are also shown. The
magnitude of D decreases with increasing Xgio, which is the same behaviour as for Si and
Co. It is clearly caused by variations in the polyanionic structure of the silicate melts.

Figure 8 shows the activation energies E5 for diffusion of O, Co and 8i, plotted as a
function of the composition. By comparing the resuits of Si, Co and Q tracer diffusion, it
was found that the composition dependence of the activation energy for oxygen diffusion
was significantly smaller than those for silicon or cobalt diffusion. Also, at higher silica
concentrations, the composition dependence of E, for silicon exhibits a trend nearly opposite
to that for oxygen or cobalt: above Xsio, = 0.369 the activation energies for oxygen
and cobalt diffusion increase steadily, whereas that for silicon decreases, Furthermore, at
Xsio, = (.33 the activation energy for oxygen diffusion shows a minimum, while that for
cobalt shows a maximum at the same composition. Silicon diffusivities are characterized
by a maximum activation energy at Xgo, = 0.369. Further investigations are necessary for
a better understanding of this behaviour.

When assuming the same mobility for all oxygen and silicon atoms present in the
systems, the experimental diffusion profiles yield effective diffusion coefficients. On the
other hand, the aforementioned kinetic model for silicate melts takes the difference in



Tracer diffusion of oxygen in CoO=Si0> melts 9833

10_3 T N i e (AR A B B BN I

10™4

13 Lo

10724

Diffusivity (cm?2s-1)

10'-5..,|..,|...l...
0.28 0.32 0.36 0.40 0.44

Xsi0,

Figure 9. Tracer diffusivities in CoO-Si0; melts at T = 1500°C; (W) *7Co [14); (@) ¥5i
[141; (&) B0 on CoO*. Cusves from simulations: 1, Co'80; 2, 8i!80,; 3, 25i0,.

mobilities of polyanions of various sizes, as well as condensation and splitting reactions
between polyanions, into account. As a result, oxygen and silicon atoms move at different
rates during different periods of time, depending on the size of the anion they belong to
at that moment. Using this model we have simulated the oxygen tracer diffusion [17],
and compared the resulting concentration profiles to the experimental ones. A satisfactory
agreement between experimental and simulated profiles can only be cbtained when assuming
a strong tendency towards condensation in cobalt silicates. Under the same assumptions, the
composition dependence of D . is in good qualitative agreement with the experimental
results, as shown in figure 9. T

The comparison between samples containing Co'®0 and those containing Si'*0; as the
tracer carriers show that 130 diffusivities are lower in the latter case. In this case they are
also rather close to the silicon diffusivities as measured by Kieffer [16]. The same behaviour
is reported for the system CaO-5i0, [12, 19, 20].

4. Summary and conclusion

Oxygen tracer diffusion in the CoQ-Si0; silicate melts was investigated by a capillary—
reservoir method. A refined capillary design was employed for a convectionless diffusion
experiment. Short-time diffusion experiments showed that convection was successfully
suppressed. 130 diffusion profiles were measured by SIMSs analysis, using a modified sample
preparation [15]. Best fits of the experimental data with analytical solutions of Fick’s second
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law for the appropriate initial and boundary conditions are consistently afflicted with subtle
but systematic deviations. The diffusivities, D, ., determined by such fits can therefore
be considered as 2 measure of the effective transport rate, but they are not representative of
the atomistic mechanisms involved in elemental diffusion.

The systematic deviations of experimental concentration profiles from ideal solutions and
the composition dependence of Dy ¢ can be explained as due to the concurrent migration
of differently sized species carrying tracer isotopes, and exchange reactions between these
species [15,16]. However, the composition dependence of the activation energies for
oxygen, silicon and cobalt, which exhibit opposite trends, cannot be explained using the
kinetic model for silicate melts. Further theoretical and experimental investigations are
necessary for a better understanding.
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