Thermodynamics of Boron Removal from Silicon
Using CaO-MgO-AIl,O3-SiO, Slags

@ CrossMark

LARS KLEMET JAKOBSSON and MERETE TANGSTAD

Slag refining is one of few metallurgical methods for removal of boron from silicon. It is
important to know the thermodynamic properties of boron in slags to understand the refining
process. The relation of the distribution coefficient of boron to the activity of silica, partial
pressure of oxygen, and capacity of slags for boron oxide was investigated. The link between
these parameters explains why the distribution coefficient of boron does not change much with
changing slag composition. In addition, the thermodynamic properties of dilute boron oxide in
Ca0-MgO-Al,05-Si0; slags was determined. The ratio of the activity coefficient of boron oxide
and silica was found to be the most important parameter for understanding changes in the
distribution coefficient of boron for different slags. Finally, the relation between the activity
coefficient of boron oxide and slag structure was investigated. It was found that the structure
can explain how the distribution coefficient of boron changes depending on slag composition.
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I. INTRODUCTION

THE thermodynamic properties of boron in slag and
silicon have been in focus for some time due to the
possibility of removing boron from silicon by slag
refining. Slag refining is one of the few metallurgical
refining methods that can be used to remove boron from
silicon. This is a part of a method for refining silicon
directly to solar grade using metallurgical techniques.
Lower cost, less energy use, and a reduced carbon
footprint are the potential benefits of using a purely
metallurgical refining process instead of a chemical
purification method. The conventional technique for
making solar grade silicon is a chemical vapor deposi-
tion method using chlorosilane or silane.

Knowing the thermodynamic properties of boron in
slags is important for understanding the refining pro-
cess. Slag refining for boron removal is an oxidation
process where boron dissolved in silicon is oxidized at
the slag-silicon interface and absorbed into the slag
through the reaction

B (1) + %Sioz(l) = %Si (1) + BO; (1) 1]
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The stability of boron oxide is similar to that of
silicon dioxide.!"! In addition, there is no strong inter-
action between boron oxide and silicon dioxide in
slags,”! or between boron and silicon in metal.”!
Altogether, this means that boron does not have a
strong affinity for either slag or silicon, as will be seen
from the experimental data discussed later in this article.

The ability of a slag for extracting boron from silicon
can be expressed by the distribution coefficient of boron,
Lg, which is given by

WBinslag  XBO, sinslag
LB = = . kw—»x [2]
WBin Si XBin Si

where w is the weight fraction, x is the mole fraction,
and k,_, is the conversion factor going from weight
fraction to mole fraction.

The concentration of boron in the system is at parts
per million level in this work. Since the interaction
between boron and silicon is relatively weak in both
metallic and oxide form, the assumption in this work is
that boron behaves as a Henrian solute in both slag and
silicon. This may not be true regarding interaction of
boron with other components in the slag, but Henrian
behavior of boron was still assumed because of the
limited thermodynamic data available to make any
other assumption.

If this assumption is not valid, the activity coefficient
of boron oxide in slag is a regular activity coefficient
rather than a Henrian activity coefficient. The measure-
ments are, however, done at low boron contents.
Therefore, a possible deviation from Henrian solute
behavior is expected to be relatively small.
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Hence, the equilibrium for oxidation of boron is given
by

3/4 3/4 0
ag. - Ao dgi * XBO;s * VBo
Kl _ Si . 1.5 _ Si 1.5 1.5 [3]

ag - )l xp -0 - @t
B " dsi0, B VB - dsio,

where )3, . is the Henrian activity coefficient of boron
oxide in s ag and v} is the Henrian activity coefficient
of boron in silicon. For SiO,, f-cristobalite was used
as the standard state, while the liquid standard state
was used for the other components.

The activity of SiO, can be found in the literature or it
can be calculated from thermodynamic databases. The
activity of silicon is assumed to follow Raoult’s law since
the concentration of other impurities is relatively low. In
this work the mole fraction of silicon was determined by
measuring the content of other impurities in silicon.

The equation for the equilibrium constant can be
rearranged into an expression for the Henrian activity
coefficient of boron oxide:

3/4
Tho,, = B 050, Lo “
L5 Lg- a3/4

Alternatively, the distribution of boron between
silicon and slag can be expressed in terms of the activity
coefficient of boron in silicon and boron oxide in the
slag by rearranging this equation.

The Henrian activity coefficient of boron oxide in
slags is mostly unknown. The only known estimates are
deduced from experimental data for the distribution
coefficient of boron, see References 4 through 7. In
addition, there are limited data for the Henrian activity
coefficient of boron in silicon. Therefore, different
thermodynamic relations have been found depending
on the experlmental results.

Noguchi er al™ determined the Henrian activity
coefficient of boron in silicon using boron nitride (BN)
and a controlled partial pressure of nitrogen. They used
this to calculate the activity coefficient of boron oxide in
slags using results from a previous study.!”’ From this,
they found the activity coefficient to decrease monoton-
ically with increasing basicity of the slag.

The Henrian activity coefficient of boron in silicon
was later revised by Yoshikawa and Morita.! Yoshi-
kawa and Morita determined the Henrian activity
coeflicient of boron in silicon by having silicon saturated
with both Siz;N4 and BN. The results were found to be in
agreement with Inoue ef al.””) They also re-evaluated the
results from Noguchi ez al. based on the assumption that
Si3Ny4 had also been present in those experiments. The
re-evaluated activity coefficient was in good agreement
with their own measurements and the work by Inoue
et al. The Henrian activity coefficient was determined to
be

Iny$ = 1.19 + 289/ T 5]
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in the range from 1693 K to 1923 K. This value was
also employed in the present work.*

*It should be noted that the trend of the activity coefficient of boron
oxide is not affected by an adjustment of the value of the Henrian
activity coefficient of boron in silicon: only the magnitude will be
changed. Therefore, the exact value of the activity coefficient is not
critical for the evaluations done in this work.

An estimate of the Henrian activity coeﬂiment can
also be derived (see for example Tang et al % from the
thermodynamic database COST 507 B."*) The value that
can be derived from this database is 21 pct lower at 1873
K than the value given by Yoshikawa and Morita.
Elements that are major slag components will also be
present at low percentages in silicon after equilibration.
The influence of these elements on the activity of boron
is discussed for each slag system later in this article.

Teixeira er all® calculated the activity coefficient of
boron oxide as a function of slag composition using
the Henrian activity coefficient of boron in silicon
found by Yoshikawa and Morita.®! In addition, they
used the distribution coefficient of boron that they had
determined in their own work. The activity coefficient
had a maximum value for intermediate basicities and
decreased both for lower and higher basicities. In
addition, they combined '"B NMR measurements of
the slag with quantum chemical calculations of the
chemical shift. From this, they found boron to be
tetrahedrally coordinated and charge compensated by
Ca’" at a basicity (CaO/SiO, mass ratio) of 0.55 and
0.61. They also found boron to be at a Q* site in the
slag.

The Henrian activity coefficient of boron oxide was
determined by using the distribution coefficient of boron
in this work as well. To keep it simple, this activity
coefficient will be denoted as the activity coefficient of
boron oxide even if it is in the dilute range and likely to
behave as a Henrian solute throughout this article.

Teixeira and Morital”! defined the borate capacity as a
measure of the affinity of a slag for boron. This measure
is defined so that it is independent of the partial pressure
of oxygen. The definition from their work is given by

Eqgs. [6] to [8]. The oxidation and ionization reaction is
defined as
B +3/40;(g) + 3/20%" = BO3~ [6]
where
apoi-
K= 343/ 7]
B Po, "dy-

The borate capacity is defined as

(mass pct BO;") K- Clé/z%
CBO%* - 3/4 - s [Si
as - Po, BO;
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where fis the activity coefficient expressed in mass per-
cent. They found the borate capacity to increase with
increasing basicity of the investigated slags.

Johnston and Barati''! normalized the distribution
coefficient from a previous study!'? by the oxygen
partial pressure:

Ly
374
Po,

Dg = 9]

They did this to investigate the effect of basicity and
found that increasing basicity is favorable for removing
boron.

The normalization is similar to the borate capacity
defined by Morita and Teixeira.”! Therefore, the equa-
tions for Cppi- and Dy only differ by a constant factor

at dilute concentrations of boron.

II. EXPERIMENTAL DETERMINATION
OF THE THERMODYNAMIC PROPERTIES
OF BORON OXIDE

The distribution of boron between silicon and differ-
ent binary and ternary slags in the CaO-MgO-Al,O5-
SiO, system was determined by the present authors in a
previous article.!'¥ Before the experiments, either slag or
silicon was doped with around 100 ppm mass of boron.
Slag and silicon were then charged in equal amounts
into a graphite crucible and inserted into an enclosed
furnace. The material was heated under argon atmo-
sphere to 1873 K (1600 °C) and held at that temperature
for 6 to 9 hours to ensure chemical equilibrium between
slag and silicon. The temperature at the end of a typical
experiment, logged right below the crucible, is shown in
Figure 1.

The cooling rate is important, as it is crucial to cool fast
enough to avoid re-equilibration at lower temperatures
than investigated. Equilibration with respect to boron
took several hours; therefore, a cooling rate of about 100
K per minute was considered sufficient. More details
about the experimental procedure can be found in
Reference 13. Previous experimental works on the distri-
bution coefficient of boron in the CaO-MgO-Al,03-SiO,
system were also discussed in that article.
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Fig. 1—Temperature during cooling in a typical experiment as
logged right below the graphite crucible containing slag and silicon.
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The total content of impurities in the slag used in the
aforementioned study!'? was measured to be approxi-
mately 0.1 pct Fe,O5; and 0.1 pct of other compounds.
Most of the iron oxide will be reduced into silicon under
the experimental conditions in the present work. The
iron content in silicon after the experiments was
measured to be up to 500 ppmw, which relates well
with the initial iron oxide content in the slags.

The content of impurities in silicon after the exper-
iments was measured and found to be less than 150
ppmw in total, except iron, tungsten, cobalt, and major
slag components. Approximately 250 ppmw tungsten
and 30 ppmw cobalt were detected, which were likely to
have been introduced from the tungsten carbide mill
used to make the powdered samples; therefore, they
were not considered. Altogether, the total impurity
content was considered to be negligible.

The elements constituting the slags will also be present
at low concentrations in silicon. The concentration of
Mg and Ca in silicon equilibrated with CaO-MgO-SiO,
slags is given in a previous work,!'"¥ and the concentra-
tion of Ca and Al in silicon in equilibrium with
Ca0-Al,03-Si0, slags is given in Table 1.

The uncertainty of the measured concentrations is
expressed as 95 pct confidence intervals based on
analyses in three replicate splits. Both in the previous
works and in this work, the confidence intervals were
calculated using the Student’s z-distribution. For anal-
yses in three replicate splits, this means that the standard
deviation of the mean was multiplied by a factor of
4.303.

III. DISCUSSION

In equilibrium between slag and silicon, we have

Si0s(5) = Si (1) + Oa(e) i
po, = S50 i

We see that the partial pressure of oxygen increases
with the increasing activity of silica, where the upper
limit is given by unit activty of silica. A lowered activity
of silicon (by adding other elements) could also increase
the partial pressure of oxygen, but this is not practical
considering that the primary goal is to remove boron
from relatively pure silicon. The equilibrium given by
Eq. [11] can be used together with Eq. [4] to express the
distribution coefficient of boron as a function of the
partial pressure of oxygen:

3/4

Ly = K3 : V% 'po2 ' kw—»x

[12]
y%Ol,S

where K3 = KI/KSM. From this expression, we see that
a decreased partial pressure of oxygen should reduce
the distribution coefficient of boron. All basic oxides
reduce the activity of silica when added to a slag,
which, in turn, leads to a decreased partial pressure of
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Table I. Distribution Coefficient of Boron (Lg), Activity of Silica, and Activity Coefficients of Boron Oxide and Silica; the Boron
Oxide Capacity of the Slag and the Partial Pressure of Oxygen as Defined by the Equilibrium Between Slag and Silicon Are Also

Shown
ID XCa0/Xsi0, Lg* asio, * 7805 7si0, In po, In Cgo, 5
CS3 0.701 2.26 0.727 0.482 1.237 - 373 32.3
CS4 0.781 2.14 0.637 0.464 1.135 — 374 32.3
CS5 0.651 2.13 0.787 0.544 1.300 — 372 32.1
CS6 0.915 2.25 0.498 0.366 0.954 - 37.7 32.5
CS7 1.128 2.38 0.291 0.233 0.619 — 38.2 33.0
CS8 1.167 2.45 0.255 0.205 0.553 — 383 33.1
CS9 1.236 2.33 0.196 0.177 0.438 — 38.6 333
CS10 1.337 2.52 0.119 0.114 0.278 — 39.1 33.7
CS11 1.408 2.53 0.075 0.080 0.180 — 39.6 34.1
CS12 0.493 2.04 0.990 0.671 1.479 - 37.0 31.9
FS5 1.150 2.57 0.272 0.205 0.584 — 383 33.1

*Determined in previous studies.!'>14

oxygen according to Eq. [11]. This means that the pos-
itive effect of increased basicity on the affinity of the
slag for boron, as found by Johnston and Barati!'"
and Teixeira and Morital” is counteracted by the nega-
tive effect of decreased oxygen partial pressure.

In the present work, the defined boron oxide capacity
is somewhat different from the borate capacity defined
by Teixeira and Morita.”) The oxidation of boron is
given as

3
B —i—é—‘Oz = BO;s [13]
From this equation, we can define the boron oxide
capacity as

mass pct BO K
CB01_5 — ( p 1.5) _ [14]

3/4 0
ap ~po/2 7BOI s

where K’ is the equilibrium constant for Reaction [13]
combined with a conversion factor from mole fraction
to mass percent. This definition does not assume any-
thing about the local structure of oxidized boron in
the slag and is, therefore, a bit simpler in form. It
should be noted that the boron oxide capacity is inver-
sely proportional to the activity coefficient of boron
oxide.

A. The Binary CaO-SiO, System

The distribution of boron between silicon and
Ca0-SiO, slags was, as mentioned earlier, determined
in a previous study.!'*! The concentration of Ca in Si was
also experimentally determined, and the activity of silica
was estimated from these concentrations in another
article.'¥ Using these data, the activity coefficient of
boron oxide can be determined from Eq. [4]. Gibbs
energies of formation of SiO, (ff-cristobalite) from Si (1)
and B,O; (I) from B (I) were taken from the
NIST-JANAF tables.!! The calculated parameters are
shown in Table I.

The interaction between boron and calcium may
influence the activity of boron in silicon, but limited data
for the mixing properties of boron with calcium make it
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hard to estimate this interaction. Inoue et al.”! studied
the interaction between calcium and boron at 1723 K
and found &§* to be — 3.08. By assuming the same
interaction at 1873 K, a calcium content of 1.4 mass pct
in silicon will decrease the activity coefficient of boron
by about 3 pct relative to pure silicon, which is
considered insignificant for the calculations in the
present work. The interaction of boron with calcium
in silicon, therefore, was neglected when calculating the
activity coefficient of boron oxide.

The activity coefficient of boron oxide in the binary
CaO-SiO, system is plotted in Figure 2 as a function of
the calcia content. It is seen to decrease with increasing
content of calcia, which means that the slag should have
a higher affinity for boron at higher calcia contents. This
is the same effect of basicity found by Teixeira and
Morital”! and Johnston and Barati.l'"!

The activity coefficient of silica is also plotted in
Figure 2 and is seen to follow a similar decreasing trend.
The partial pressure of the system is controlled by the
activity of silica, which means that the partial pressure
of oxygen decreases with increasing basicity.

The ratio of the activity coefficients of boron oxide
and silica is shown together with the distribution
coefficient of boron in Figure 3. The figure shows that
the ratio of the activity coefficients does not change
much with changing basicity. This means that boron
oxide and silica respond in a similar way when the
content of the basic oxide calcia increases in the slag.

Figure 4 shows the boron oxide capacity and partial
pressure of oxygen plotted as a function of basicity in
the binary Ca0O-SiO, system. The boron oxide capacity
is inversely proportional to the activity coefficient of
boron oxide in the slag, as can be seen in Eq. [14].
Therefore, the partial pressure of oxygen and the boron
oxide capacity are seen to have opposite trends in
Figure 4. This illustrates why the distribution coefficient
remains almost unchanged with changing calcia content
in the binary CaO-SiO, system.

From a physical point of view, the network is broken
down and the slag becomes less polymerized with
increasing calcia content. This reaction stabilizes both
silica and dilute boron oxide in the slag phase, since
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Fig. 2—Activity coefficient of dilute boron oxide and silica as a
function of slag composition in the binary CaO-SiO, system.
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system, together with the distribution coefficient of boron.
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Fig. 4—Boron oxide capacity and partial pressure of oxygen as a
function of slag composition in the binary CaO-SiO, system.

both are network forming oxides that have a strong
negative interaction with calcia. Therefore, the activity
coefficients of both silica and boron oxide decrease with
increasing calcia content in the slag, as can be seen in
Figure 2.

Kline er al™ investigated the structure of the
CaO-SiO, system with the addition of boron oxide
using Raman spectroscopy. They found boron oxide to
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behave as a network former in a similar way as silica,
which is also well documented elsewhere in the
literature.

There is a slight decrease in the ratio of the activity
coefficients at intermediate basicities, as can be seen in
Figure 3. This indicates that boron oxide is slightly more
stabilized in the slag than silica.

Hence, intermediate basicities seem to be optimal for
stabilizing tetrahedrally coordinated boron oxide rela-
tive to silica. Teixeira et al!'® have, as previously
discussed, shown that boron oxide is tetrahedrally
coordinated and charge compensated with Ca®>" at Q*
sites. At intermediate basicities, there is a relatively large
concentration of Ca?" for charge compensation and
there are many Q" sites in the structure. At higher
basicities, there are less Q4 sites, which causes the
activity coefficient of boron oxide to increase relative to
the activity coefficient of silica. At lower basicities, there
are limited Ca’>" for charge compensation, causing the
activity coefficient of boron oxide to increase relative to
the activity coefficient of silica.

This effect is masked when observing the distribution
coefficient of boron. The masking is caused by the
difference in valency between boron and silicon together
with the activity coefficient of silica, which decreases
with increasing basicit?/.

From Kline et al.,""* it can be seen that the Q* species
in the slag are peaking at intermediate basicities in the
binary CaO-SiO, system. Sakamoto ez al.l' also found
Q’ species to peak at intermediate basicities in the
ternary Ca0O-SiO,-BO; 5 system using MAS-NMR.

B. The Ternary CaO-MgO-SiO, System

The same approach as for the binary CaO-SiO,
system was used to calculate the activity coefficient of
boron oxide in the ternary CaO-MgO-SiO, system,
using data from the previous studies.!'*'¥ The calcu-
lated parameters in the ternary CaO-MgO-SiO, system
are shown in Table II.

The interaction between boron and magnesium in
silicon was estimated using the FactSage FTlite data-
base. In this database, the binary B-Si, Mg-Si, and B-Mg
systems are all assessed, but none of the assessments
have been published. The interaction between boron and
magnesium in silicon is calculated in Factsage by ternary
interpolation of the binary systems. The highest mag-
nesium content was measured at 0.74 mass pct."* At
this level, the activity of boron was calculated to be 1.6
pct lower than in pure silicon, which was considered
insignificant for the calculations in the present work.
The calcium content in the ternary CaO-MgO-SiO,
system is lower than in the binary CaO-SiO, system.
Therefore, the influence of calcium on the activity of
boron is considered insignificant in the CaO-MgO-SiO,
system as well.

The same trend for the activity coefficients of boron
oxide and silica as in the binary CaO-SiO, system is also
seen in the ternary CaO-MgO-SiO, system. In Figure 5,
the ratios between the activity coefficient of boron oxide
and silica from both the binary CaO-SiO, and
MgO-SiO, systems, and the ternary CaO-MgO-SiO,
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Table I1. Distribution Coefficient of Boron (Lg), Activity of SiO,, and Activity Coefficients of Boron Oxide and Silica; Boron
Oxide Capacity and Partial Pressure of Oxygen, as Defined by the Equilibrium Between Slag and Silicon Are Also Listed
ID Xsi0, XCa0 XMgO Lg* asio, * 7RO, 5 Vsi0, In po, In Cgo,
CMSI1 0.514 0.391 0.095 2.17 0.528 0.408 1.027 — 37.6 32.5
CMS2 0.455 0.364 0.181 2.15 0.297 0.276 0.652 — 382 32.9
CMS3 0.424 0.356 0.220 2.26 0.154 0.163 0.363 — 38.8 334
CMS4 0.413 0.402 0.186 2.19 0.097 0.119 0.236 — 393 33.7
CMSS5 0.414 0.528 0.057 2.39 0.081 0.092 0.196 —39.5 33.9
CMS6 0.468 0.156 0.376 2.38 0.509 0.395 1.089 —37.7 32.6
CMS7 0.414 0.461 0.125 2.42 0.090 0.099 0.217 — 394 33.9
CMS8 0.449 0.309 0.242 2.41 0.294 0.249 0.654 — 38.2 33.0
CMS9 0.439 0.449 0.112 2.49 0.193 0.170 0.439 — 38.6 334
CMSI10 0.416 0.241 0.343 2.47 0.155 0.156 0.373 — 38.8 33.5
CMSI11 0.430 0.165 0.405 2.29 0.276 0.263 0.643 — 383 33.0
CMSI2 0.443 0.084 0.473 2.52 0.440 0.345 0.992 — 378 32.7
CMSI13 0.417 0.331 0.252 2.32 0.132 0.144 0.317 —39.0 33.6
CMS14 0.404 0.321 0.275 2.33 0.081 0.100 0.200 —39.5 33.9
CMSI15 0.542 0.327 0.131 2.28 0.663 0.464 1.224 — 374 323
CMSI16 0.581 0.285 0.134 1.84 0.801 0.664 1.379 - 372 32.0
CMS17 0.529 0.212 0.259 2.24 0.717 0.522 1.357 — 373 323
CMSI18 0.513 0.224 0.263 2.40 0.650 0.452 1.267 — 374 32.4
CMS19 0.512 0.105 0.383 2.46 0.770 0.520 1.504 - 372 32.3
CMS20 0.536 0.094 0.370 2.52 0.859 0.548 1.602 —37.1 32.2
MS4 0.533 0.004 0.463 2.09 0.959 0.737 1.799 —37.0 32.0
MS5 0.489 0.004 0.506 2.41 0.822 0.580 1.679 — 372 32.2
MSo6 0.492 0.004 0.504 1.93 0.835 0.733 1.696 —37.2 32.0
MS7 0.509 0.005 0.486 2.20 0.895 0.672 1.759 —37.1 32.1
MS8 0.527 0.005 0.468 2.10 0.945 0.727 1.792 - 37.0 32.0
*Determined in previous studies.!'>¥
0.9 T T T T T 3 slag composition in the ternary CaO-MgO-SiO, system.
This also means that the oxygen partial pressure of the
A © AL O . L
t o adatl A system and the boron oxide capacity of the slag balance
o it . s each other in the same way as in the binary CaO-SiO,
g 06 ST x 1?2 system.
a Kline"? investigated the structure of the CaO-MgO-
2 Si0O, system with addition of boron oxide using Raman
o;:% 0 . spectroscopy. He found the structural changes to be the
s o /50 CMS & Ly, OMS ) same as in the CaO-Si0, system“s] when adding boron
o 280 /sion CS o Ly CS oxide. This also is in line with the finding that the
BO:.5 2 . . . . .
+ 8o, s, MS < Ly, MS distribution coefficient of boron is unaffected when
0 o ; ; ; ; 0 exchanging calcia with magnesia. The second conse-
0.4 0.6 0.8 1 1.2 14 1.6 quence is that the distribution coefficient is almost

(£ca0 + TMg0)/Tsi0,

Fig. 5—Ratio of the activity coefficients of dilute boron oxide and
silicon dioxide together with the distribution coefficient of boron, as
a function of slag composition in the ternary CaO-MgO-SiO,
(CMYS), binary CaO-SiO, (CS), and binary MgO-SiO, (MS) systems.

system, are plotted as a function of basicity. The ratio is
not seen to change much. The distribution coefficient of
boron is also plotted in Figure 5 and is similarly seen
not to change much with changing basicity.

Magnesia is observed to have the same effect on the
activity coefficients of silica and boron oxide as calcia
had in the binary CaO-SiO, system. Both calcia and
magnesia are basic oxides and have the same effect on
the activity coefficient of silica and the activity coeffi-
cient of dilute boron oxide. As a result, the distribution
coefficient of boron is almost unaffected by changing
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unaffected by basicity also in the ternary CaO-MgO-
SiO, system.

From Kline,!'”! it can be seen that there is a peak of
Q? species at intermediate basicities in the ternary
Ca0-MgO-SiO; system in the same way as in the binary
CaO-Si0, system. The trend of the ratio of the activity
coefficients of boron oxide and silica is almost identical
as in the binary CaO-SiO, system, as can be seen in
Figure 5. This indicates that boron oxide is stabilized
relative to silica at intermediate basicities also in the
ternary CaO-MgO-SiO, system. Kline found that there
is also a minimum of Q' species at intermediate
basicities in the ternary CaO-MgO-SiO, system, but
this does not seem to have any additional influence on
the activity coefficient of boron oxide in the slag. In
addition, Kline found the abundance of Q? species to
decrease and Q' species to increase when replacing

7]
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Table III. Calcium and Aluminum Concentration in Silicon in Equilibrium with Different Ca0-Al,03-SiO, Slags; All
Concentrations Are Given in Mass Percent as Measured After the Experiments

ID Time (h) SiO, CaO Al O4 Ca in Si Al in Si

CASI 3 26.9 34.9 38.0 0.802 + 0.062 1.233 £+ 0.062
CAS2 5.8 26.6 35.1 38.2 0.858 + 0.080 1.265 + 0.090
CAS3 9 25.7 35.6 38.5 1.105 £ 0.084 1.485 + 0.103
CAS4 6 39.9 50.6 9.4 1.947 + 0.128 0.328 + 0.014
CASS 6 32.1 45.4 223 4.555 £ 0.223 1.280 + 0.048
CAS6 6 21.7 42.4 35.7 6.692 + 0.707 2.554 + 0.289
CAS7 9 49.5 39.6 10.8 0.124 + 0.026 0.054 + 0.013
CASS 9 37.2 37.8 24.9 0.493 + 0.059 0.509 + 0.073

Table IV. Distribution Coefficient of Boron (Lg), Activity of Silica, and Activity Coefficients of Boron Oxide and Silica; In
Addition, the Boron Oxide Capacity of the Slag and the Partial Pressure of Oxygen as Defined by the Equilibrium Between Slag
and Silicon Are Displayed

ID Xca0 YM;M%SSO Ly asio,” 7BO,.5 Vsi0; In po, In Cpo, 5
CAS3 0.441 0.639 1.38 0.0245 0.068 0.083 —40.7 34.3
CAS4 0.544 0.217 2.08 0.0568 0.078 0.142 —39.8 34.1
CAS5 0.518 0.450 1.71 0.0207 0.045 0.061 —40.8 34.6
CAS6 0.516 0.660 1.33 0.0062 0.023 0.025 —42.0 35.2
CAS7 0.432 0.204 1.95 0.2526 0.259 0.502 — 384 32.9
CASS8 0.439 0.441 1.56 0.0797 0.141 0.198 —39.5 33.5

Determined in a previous study.['*)

Calculated using the FactSage FToxid database.

calcia with magnesia at constant silica content. These
changes do, however, not seem to affect the ratio of the
activity coefficients of boron oxide and silica.

C. The Ternary CaO-Al,03-SiO, System

In a previous study,!'¥ the distribution coefficient of
boron was determined for the Ca0O-Al,03-SiO, system.
It was found to decrecase with increasing alumina
content in the slag.

The calcium and aluminum concentration in silicon is
relatively high in equilibrium with the slags with the
highest alumina content. The measured aluminum and
calcium concentrations in silicon in equilibrium with
different slags are shown in Table III. These concentra-
tions were measured in parallel with the boron content
given in a previous study.'¥) Experiments CAS1 and
CAS2 were not considered to have been in equilibrium
with respect to boron; therefore, these experiments were
not used in the evaluation of the results.

The activity of silicon will be affected when the
concentration of calcium and aluminum increases.
Silicon follows Raoult’s law for low contents of calcium
and aluminum. At higher contents of calcium, the
activity of silicon will become lower than predicted by
Raoult’s law. The activity of silicon will also be lower
than predicted by Raoult’s law at higher aluminum
contents, but the deviation from Raoult’s law is smaller
than for calcium. For experiment CASG6, the activity of
silicon was calculated to be 1.5 pct lower than predicted
by Raoult’s law using the FactSage FTlite database.
This was considered insignificant for the calculations in
the present work, and the activity of silicon, therefore,
was assumed to follow Raoult’s law.
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There is some interaction between boron and alu-
minum in liquid silicon, but the aluminum content in
silicon is too low in the present work to have a
noticeable effect on the activity of boron. The activity
of boron was calculated to decrease by 0.6 pct at an
aluminum content of 2.6 mass pct relative to pure silicon
using the FactSage FTlite database. The interaction
between aluminum and boron in silicon is calculated in
Factsage by ternary interpolation of the binary B-Si,
Al-B, and Al-Si systems. The assessments of these
binary systems have not been published. The calcium
content, on the other hand, is so high that it may have
an influence on the activity of boron. The interaction
coefficient between boron and calcium from Inoue
et al®’ of — 3.08, therefore, was employed when
calculating the activity coefficient of boron oxide.

The activity of silica is needed to calculate the activity
coefficient of boron oxide. The activity coefficient of
boron oxide was calculated using activities of silica from
the FactSage FToxid database. The CaO-Al,O5-SiO,
system was assessed by Pelton er al.'® and the
parameters from their optimization are used in the
FToxid database. The activity coefficients of silica and
boron oxide are plotted in Figure 6 as a function of
Al,O3/(Al,O5 + SiO,), and both activity coefficients are
seen to decrease with an increasing Al,O3/(Al,O3; +
Si0O,) ratio at constant CaO content. Experiments CS4
and CS7 from the binary CaO-SiO, system were used in
the plot as nonalumina containing slags. The activity
coefficients are also seen to become more similar with
increasing AlL,O3/(ALLO; + SiO,) ratio. The activity
coefficients are listed in Table IV together with the
activity of silica and the distribution coefficient of boron
determined in a previous study.["*!
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Fig. 6—Activity coefficient of silica and dilute boron oxide as a
function of slag composition in the CaO-Al,03-SiO, system.
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Fig. 7—Ratio of the activity coefficients of silica and dilute boron
oxide as a function of slag composition in the CaO-Al,03-SiO,
system, together with the distribution coefficient of boron.

The ratio of the activity coefficients of boron oxide
and silica is plotted as a function of Al,O3/(Al,05; +
SiO,) in Figure 7, and it is seen to increase with
increasing Al,O3/(Al,O; + SiO,) ratio. Experiments
CS4 and CS7 were also included in this plot as
nonalumina containing slags. This increase of the
activity coefficient of boron oxide relative to the activity
coefficient of silica is the reason why the distribution
coefficient of boron decreases with increasing alumina
content.

The activity coefficients of both boron oxide and silica
decrease with increasing Al,O3/(Al,03 + SiO,) ratio in
the slag at constant CaO content. This indicates that
both boron oxide and silica have a negative interaction
with alumina. However, the interaction between silica
and alumina is stronger than the interaction between
boron oxide and alumina. This causes the ratio between
the activity coefficient of boron oxide and silica to
increase with increasing alumina content. The different
interactions may be explained by looking at the
structure.

The oxygen partial pressure of the system decreases
with increasing AlLO3/(Al,O3 + SiO,) ratio in the slag
at constant CaO content. At the same time, the boron
oxide capacity of the slag increases. Both these effects
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were also observed in the binary CaO-SiO, system and
the ternary CaO-MgO-SiO, system. In this system,
however, the boron oxide capacity does not fully
balance the decreased oxygen partial pressure.

Kline!'” investigated the structure of the ternary
Ca0-Al,05-Si0, system. He found the relative abun-
dance of Q? species to decrease and the abundance of Q'
species to increase with increasing AlLO;/(ALO; +
SiO,) ratio. The same trend was observed in the
Ca0O-MgO-SiO, system when replacing calcia with
magnesia at constant silica content. In this case,
however, the ratio of the activity coefficients of boron
oxide and silica increases with increasing alumina
content in the slag. Some other mechanism than Q"
speciation, therefore, may also be influencing the activ-
ity coefficient of boron oxide.

Merzbacher er al'” showed that aluminum is tetra-
hedrally coordinated and mostly located at Q* sites in
silica-rich Ca0O-Al,0O5-SiO, slags. Alumina needs to be
charge compensated by Ca®" to be incorporated in the
liquid slag with a tetrahedral structure. The charge
compensation reaction can be written in two reaction
steps. In the first step, alumina bonds with free oxygen
and assumes tetrahedral coordination:

AlO; 5+ 0.5 0% = AlO; [15]

The tetrahedrally coordinated aluminum then bonds
with Ca’" to achieve charge neutrality:

AlO; + 0.5 Ca®™ = AlCag 50, [16]
Altogether, we have the reaction

AlO;5+ 0.5 0> + 0.5 Ca’t = AlCags0,  [17]

Hence, with increasing alumina content, free oxygen

anions and Ca>" in the melt will decrease:

dlagi - dep-) _ [18]

dxAI0, 5

Boron oxide, as discussed previously, has been shown

to be tetrahedrally coordinated at low concentrations in

calcium-silicate slags.” The same reactions as for
alumina, therefore, also apply to boron oxide:

BO; 5 + 0.50°" + 0.5Ca’" = BCags0, [19]

The equilibrium constant for the charge-compensa-
tion reaction is, hence, given as

ARC
K= BCS()SSOZ 05 20]
aBO[_S : adZ— : aC'aZJr
The ratio apca,0,/@B0, ; can be expressed as the ratio
of tetrahedrally orientated boron (B) to trigonally
orientated boron (¥'B):

_ UBCays0, dug [21]
Ao, s ap|g

VB

By rearranging Eq. [20] and differentiating with
respect to alumina, we obtain
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05 . 05
dvg K. d(aoP aCa”) <0
dXA10, 5

22
dxAl0, 5 [22]

Since boron is most stable in tetrahedral coordina-
tion, the activity of boron oxide should decrease relative
to the activity coefficient of silica with increasing vg:

d()’(ﬁo /Vsio,)
1.5 2 <0 23
B e (23]

Hence, we get

d(v8o, ./ 7sio,) _ d(30,,/7si0,)  dvp

dxA101_5 dVB

. >
dx a0, 5 0 [24]

In other words, the activity coefficient of boron oxide
should increase relative to the activity coefficient of silica
with increasing content of alumina, as shown in Fig-
ure 7. This means that the expected behavior, from a
structural perspective, of boron oxide in the slag fits well
with the experimentally measured behavior.

Teixeira et al'! determined that boron was located at
Q* sites in CaO-SiO, slags at dilute concentrations.
Merzbacher et al'”! showed that aluminum is located
mostly at Q* sites in silica-rich CaO-Al,O05-SiO, slags.
This may contribute to an increased activity coefficient
of boron oxide relative to the activity coefficient of silica,
when the alumina content in the slag increases, since
boron and aluminum compete for the same structural
sites. However, this effect will be challenging to separate
from the simultaneous effect of charge compensation
with Ca®".

Johnston and Barati found increasing alumina
content to decrease the distribution coefficient of boron
in the quaternarP/ Ca0-MgO-Al,05-Si0, system. In a
previous article,[ 31 these results were found to fit well
with the effect of increasing alumina content in the
ternary Ca0O-Al,05-SiO, system. This indicates that
alumina may have the same effect on the distribution
coefficient of boron when added to the ternary
Ca0O-MgO-SiO, system as when added to the binary
CaO-SiO, system.

[12]

IV. CONCLUSIONS

Silica and dilute boron oxide respond in a similar way
to changing content of the basic oxides calcia and
magnesia in slags. The ratio of the activity coefficients of
boron oxide and silica is the parameter that mainly
determines how the distribution coefficient of boron
changes with slag composition.

Increasing the content of the basic oxides calcia and
magnesia decreases the activity of silica, which causes
the partial pressure of oxygen in the system to decrease.
Increased basicity does, however, also decrease the
activity coefficient of boron oxide in the slag by an
almost equal magnitude as the activity coefficient of
silica.

The slag, therefore, has an increasing boron oxide
capacity with increasing basicity, but the reduced partial
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pressure of the system counteracts this and leads the
distribution coefficient of boron to be almost unaffected
by slag composition in both the binary CaO-SiO, and
the ternary CaO-MgO-SiO, system.

It was found that intermediate basicities give the
lowest ratio of the activity coefficients of boron oxide
and silica in both the binary CaO-SiO, and the ternary
Ca0O-MgO-SiO, system. This means that intermediate
basicities are optimal for stabilizing boron oxide in the
slag relative to silica. Looking at the structure, interme-
diate basicities are optimal because there is Ca®"
available for charge compensation of boron oxide at
the same time as there are Q* sites available in the slag.

Addition of alumina to the binary CaO-SiO, system,
on the other hand, decreases the activity coefficient of
silica more than the activity coefficient of boron oxide.
The partial pressure of oxygen, therefore, decreases
more relative to the activity coefficient of boron oxide.
This leads the distribution coefficient of boron to
decrease with increasing alumina content in the slag.

Boron oxide and alumina are tetrahedrally coordi-
nated in the slag and both, therefore, need Ca’* for
charge compensation. An increase of the alumina
content in the slag means that there is less Ca’"
available for charge compensation of tetrahedrally
coordinated boron oxide. Hence, the activity coefficient
of boron oxide is increased relative to the activity
coefficient of silica by the presence of alumina in the
slag.
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