Distribution of Boron Between Silicon and CaO-MgO-Al,Os5-

SiO, Slags
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Production of solar-grade silicon through metallurgical refining methods can be less expensive
than current production methods both in terms of energy use and capital cost. Slag refining is a
potential metallurgical refining method for removal of boron from silicon. The distribution of
boron between silicon and binary CaO-SiO, and MgO-SiO, slags, and between silicon and
ternary CaO-MgO-SiO, and Ca0O-Al,05-Si0; slags has been investigated in this work at 1873 K
(1600 °C). The distribution coefficient of boron has been found to be between 2 and 2.5 in the
binary Ca0O-SiO, and MgO-SiO; systems. It has also been found to be in the same range across
the entire CaO-MgO-SiO, system. In these systems the distribution coefficient is unaffected by
slag composition. The distribution coefficient has been found to decrease with increasing Al,O;
content in the slag in the ternary Ca0O-Al,03-SiO, system.
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I. INTRODUCTION

SOLAR cells are considered to be one of the most
promising energy sources in the future. The Earth
receives energy from the sun that is orders of magnitude
higher than both current and projected future energy
demand. Solar cells are, however, too expensive at
present to compete with fossil fuels in most countries.
Crystalline silicon solar cells dominate the solar cell
market and have proven to maintain high efficiency for
decades. More advanced solar cell technologies may
become more competitive in the future but crystalline
silicon solar cells are predicted to have significant share
of the market for many years to come since it is a well-
established technology and based on abundant raw
materials.

Solar-grade silicon contributes significantly to the cost of
the final solar module and this silicon is at present mainly
produced through the Siemens process which is an expensive
process both in terms of energy use and capital cost.
Production of solar-grade silicon directly by use of metal-
lurgical refining methods can reduce the cost and hence
make energy from solar cells more attractive. It has,
however, proven to be very challenging to bring the boron
content in silicon to a sufficiently low level by these methods.

Slag refining has been proposed as a potential
metallurgical refining method for removal of boron
from silicon. A limited number of studies have been
conducted on slag refining of silicon for boron removal
and the literature data is widely scattered. The ability of
a slag for boron removal is given by the distribution
coefficient of boron:

LARS KLEMET JAKOBSSON, Postdoctoral Research Fellow, and
MERETE TANGSTAD, Professor, are with the Department of Materials
Science and Engineering, Norwegian University of Science and Technol-
ogy, Trondheim, Norway. Contact e-mail: lars.k jakobsson@ntnu.no

Manuscript submitted February 12, 2014.

Article published online May 28, 2014.

1644—VOLUME 45B, OCTOBER 2014

Ly =—, (1]

where wg) is the mass fraction of boron in the slag and
wig; is the mass fraction of boron in silicon. The value of
the distribution coefficient has in the binary CaO-SiO,
system been found to be in the range from 0.5 to more
than 5 in different works.!'" " The literature values in the
ternary CaO-MgO-SiO, and CaO-Al,05-Si0, systems
are also widely scattered.>® '] The aim of this work has
been to determine the distribution coefficient of boron
for binary and ternary slags in the CaO-MgO-Al,O;-
SiO, system at 1873 K (1600 °C). All compositions are
given on mass basis in the text and tables while mole
fractions are used in the figures.

II. EXPERIMENTAL

Master slags were made from oxides with a purity of
at least 99 pct bought from commercial suppliers. The
base oxides were: 99.9 pct SiO, (Aldrich), 99.9 pct CaO
(Aldrich), 299 pct MgO (Sigma-Aldrich), and 99.5 pct
Al,O5 (Alfa Aesar). Each master slag had a weight of
approximately 300 g and was made by melting a mixture
of the oxides in a graphite crucible by induction heating
under argon atmosphere. They were quenched in a
water-cooled copper mold remelted at least two more
times to ensure homogeneous composition. The slags
were crushed to a powder in a tungsten carbide disk mill
between each melting and crushed to —0.25 mm after
the final melting. Approximately 100 to 140 mg/kg
boron was added as pure B,O3; (99.98 pct, Alfa Aesar)
to the binary 50 pctCaO-50 pctSiO, and ternary MgO-
A,03-SiO, master slags after the first melting. The
composition of all the master slags was measured by
XRF to be at least 99.8 pct in total of CaO, MgO,
Al,O3, and SiO,. A content of approximately 0.1 pct
Fe,O3; was also measured while the total content of
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Table I. Results for Different Holding Times with the Most Silica-Rich Master Slag in the Binary CaO-SiO, System
ID. Time (h) SiO;, (pct) CaO (pct) B in Slag (mg/kg) B in Si (mg/kg)
CSo 0 63.7 36.2 <3 118.2 & 24.0°
CSl1 0.6 63.2 36.3 21.2 £ 5.0 102.1 £ 2.0
CS2 3 62.3 37.4 744 + 3.1 45.1 £ 3.1
CS3 6 60.3 39.4 81.5+ 3.0 36.0 + 3.7
CS4* 9 57.7 42.1 57.3 £ 8.1 26.8 + 3.4
CS5** 6 62.1 37.7 98.8 + 4.1 46.4 + 3.6

CSO is the initial slag composition and initial boron concentration in slag and silicon.

*Silicon from the batch given in MS0 in Table III.
**Pure silicon and a separately made boron-doped slag.
"Boron content in silicon based on two replicate splits.

other impurities was 0.1 pct or less. The composition of
the master slags are given as the initial composition of
CS0, CS10/CS11, MS0, CMS13/CMS14, CAS0, CAS6,
and MASO in Tables I, II, III, IV, V, VI, and VIL
Intermediate slag compositions were made by mixing of
the master slags. Four batches of silicon doped with 90
to 120 mg/kg boron was made by adding boron
(99.6 pct, Goodfellow) to pure silicon (299.999999 pct,
REC). The boron-silicon mixtures were melted one time
by induction heating in a graphite crucible under argon
atmosphere and quenched in the same way as the master
slags. The boron-doped silicon was then crushed in a
tungsten carbide disk mill to a size fraction between
0.125 and 2.0 mm and cleaned by etching in hydroflu-
oric acid. The first silicon batch was used in the binary
Ca0-SiO, system, the second batch was used in the
binary MgO-SiO,, and ternary CaO-MgO-SiO, system,
the third batch was used in the ternary CaO-Al,0O3-SiO,
system, and the fourth batch was used in the ternary
MgO-Al,03-Si0, system.

Graphite crucibles (outer diameter 40 mm, height
54 mm, and wall thickness 4 mm) were filled with 15 g of
boron-doped siliconand 15 gofslag. The crucible was then
inserted into a graphite resistance tube furnace and heated
from room temperature to 1873 K (1600 °C) in approxi-
mately 15 minutes under 99.99 or 99.999 pct argon atmo-
sphere. The furnace was evacuated to less than 3 mbar
pressure and refilled with argon gas three times before
heating was started. An argon gas flow of approximately

5 L/h was maintained throughout the experiment. The
furnace was shut down after the targeted holding time and
cooled down to the melting point of silicon within
2 minutes where the cooling followed a negative exponen-
tial trend. The temperature was 150 K (150 °C) below the
melting point of silicon another 2 minutes later. Accurate
control of temperature was achieved using a dual thermo-
couple placed just below the crucible where one was
connected to the regulator and the other was connected to
the temperature logger. The calibration of the temperature
logger was checked against a calibrated temperature logger
and no significant deviation was found (less than 0.3 K). B-
type thermocouples (Pt-6 pctRh/Pt-30 pctRh) were used
and they were calibrated against an UKAS calibrated B-
type thermocouple and a deviation of 0.4 K (0.4 °C) was
observed. A detailed drawing of the furnace is shown in
Figure 1. Most of the experiments in the MgO-SiO, system
were conducted under somewhat different conditions; 5 g
of silicon and 5 g of slag were heated in a graphite crucible
with lid using an alumina tube furnace. Other conditions
were the same as in the other experiments.

III. ANALYSIS

The boron content in the slag and silicon samples was
analyzed by ICP-MS. The instrument Element 2 from
Thermo Scientific was used for these analyses. A small
amount of slag and silicon had to be sampled and dissolved

Table II. Equilibrium Experiments in the Binary CaO-SiO, System

Before (pct)

After (pct)

ID. SiO, CaO SiO, CaO B in Slag (mg/kg) B in Si (mg/kg)
CS6 59.1 40.7 53.8 459 82.4 £ 6.7 36.6 £ 7.7
CS7 54.6 452 48.6 51.1 82.7+ 7.0 347+ 49
CSg8* 50.0 49.7 47.7 51.9 90.4 £ 1.9 369 £2.2
CS9 46.3 53.4 90.7 £ 5.3 389 £1.9
CS10* 45.5 54.2 443 55.3 85.6 £ 2.4 34.0 £ 3.6
CS11 43.1 56.6 90.0 £ 8.3 35.6 £ 0.7
CS12%* ~65 ~35 68.4 31.2 439+ 1.3 21.5+ 43
CS13%** 45.5 54.2 42.6 56.8 128.3 £ 5.3 61.3 +17.8
FS5** 50.5 48.9 48.2 51.3 66.0 £ 3.0 257 +29

*3 h holding time.
**Boron-doped slag.
TSilica crucible and 18 h holding time.

METALLURGICAL AND MATERIALS TRANSACTIONS B

VOLUME 45B, OCTOBER 2014—1645



Table III. Results in the Binary MgO-SiO, system
Time (h) SiO; (pct) MgO (pct) B in Slag (mg/kg) B in Si (mg/kg)
MSO0 0 65.5 33.9 69.7 + 1.1 101.1 £ 10.7
MS1 1 65.3 34.0 67.3 £22 94.0 + 9.5
MS2 2 64.1 35.2 743 £ 11.5 92.7 + 11.1
MS3 3 63.8 35.4 79.6 + 8.5 83.1 £ 3.1
MS4 6 62.7 36.6 110.5+ 2.4 52.8 £ 0.8
MSS5 9 58.6 40.6 1252+ 1.9 520+ 1.5
MS6* 6 58.9 40.5 99.9 + 4.3 51.8 £ 2.2
MS7* ** 6 60.4 38.6 47.6 £ 7.4 21.6 £ 2.7
Msgt 12 62.2 37.0 1122 £ 17.1 53.4 +£9.7

MSO0 is the initial slag composition and the initial concentration of boron in slag and silicon.

*15 g silicon and 15 g slag.
**No lid and starting with pure silicon.
"Silicon coated crucible walls.

Table IV. Results in the Ternary CaO-MgO-SiO, System

Before (pct)

After (pct)

ID. Si0, CaO MgO SiO, CaO MgO B in Slag (mg/kg) B in Si (mg/kg)
CMS1 59.1 34.8 6.0 54.5 38.6 6.7 65.1 £ 1.6 30.0 £43
CMS2 54.5 33.5 11.8 49.6 37.0 13.2 72.8 £ 6.0 339+£3.0
CMS3 49.9 322 17.7 46.8 36.7 16.3 83.1 £ 6.5 36.8 +£2.9
CMS4 45.3 36.7 17.7 45.1 41.0 13.6 82.6 £ 5.6 377 £2.7
CMS5 45.5 48.3 6.0 43.7 52.0 4.1 69.6 £ 3.2 292 £238
CMS6 60.5 13.8 25.5 53.9 16.8 29.1 903+ 54 38.0£5.2
CMS7 45.4 42.5 11.9 44.5 46.2 9.0 78.7 £ 1.0 325 £27
CMS8 55.5 27.3 17.0 49.8 32.0 18.0 80.9 £ 6.6 33.6 £ 1.9
CMS9 50.5 40.7 8.5 46.9 44.8 8.0 71.1 £2.5 286 £ 1.4
CMS10 50.3 23.2 26.2 47.6 25.8 26.4 104.7 £ 9.3 423 £ 3.2
CMS11 55.4 15.6 28.8 50.1 18.0 31.7 99.9 +£ 6.8 436 £ 1.0
CMSI12 60.4 8.0 31.3 52.7 9.3 37.7 110.6 £+ 6.0 439 + 39
CMS13 46.5 34.4 18.9 102.3 £ 4.5 442 + 1.4
CMS14* 453 308 23.6 45.4 33.7 20.7 373+ 24 16.0 £ 0.9
CMS15 57.8 32.6 9.4 67.0 £ 1.8 294 £ 1.8
CMS16* 64.1 27.2 83 61.8 28.3 9.6 14.1 £ 2.1 77 £ 1.1
CMS17 58.6 22.0 19.2 75.1 £ 3.2 33.6 £0.8
CMS18* 64.6 8.3 17.0 57.0 23.2 19.6 234+ 1.3 9.8 £ 1.0
CMS19 58.9 11.3 29.6 94.1 £ 104 383+ 1.8
CMS20* 63.0 93 254 61.3 10.0 28.4 40.6 £ 1.8 16.1 £ 4.0

*Starting with pure silicon.

before the ICP-MS analysis could be performed. The
graphite crucible was at first completely removed by
grinding before slag and silicon was manually separated.
Any slag remaining on silicon and silicon remaining on slag
was removed by grinding before both the slag and silicon
pieces were cleaned. As much slag and silicon as possible
was collected from the crucible. Sealed plastic bags and
nitrile gloves were used after cleaning to avoid surface
contamination. All slag and silicon excavated from the
crucible were crushed separately in a tungsten carbide
grinder to make a homogeneous powder. Silicon with
99.9999999 pct purity was crushed three times to clean the
milling chamber before the silicon samples were crushed.
The slag samples were crushed after the silicon samples and
the milling chamber was cleaned with acetone between
each crushing of both the silicon and slag samples.

Three samples of 20 to 45 mg of silicon were taken from
the powder and dissolved using 0.5 mL 40 pct HF
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(Suprapur®, Merck) and 1.5 mL 68 pct HNO5 (ultra-
pure). High dissolution rates were observed when a fine
powder of silicon was dissolved in this acid mixture, and
therefore 0.5 mL deionized water was added to the acid
solution to achieve a less vigorous dissolution and thereby
reduce the maximum temperature of the solution due to
the exothermic reaction. The powdered slag was also
sampled in three replicate splits of 20 to 45 mg and
dissolved in the same acid mixture, but no water was
added. An additional treatment in an UltraCLAVE was
necessary to completely dissolve the slag. The sample vial
with acids and powdered slag was heated by microwaves
at 513 K (240 °C) and a pressure of 100 bars for
10 minutes. The total treatment time including heating
and cooling time was 2 hours. The dissolved slag and
silicon samples were diluted to 220 or 250 mL before the
ICP-MS analysis. The slag composition was determined
by XRF on glass disks made with 0.5 gsampled slagand a

METALLURGICAL AND MATERIALS TRANSACTIONS B



Table V. Results for Different Holding Times with a Selected Ca0-Al,03-SiO, Slag

5102 CaO A1203
ID. Time (h) (pct) (pct) (pct) B in Slag (mg/kg) B in Si (mg/kg)
CASO 0 24.4 355 39.9 73+ 1.2 844+ 73
CASl1 3 26.9 34.9 38.0 51.1 £33 443 £ 19.8
CAS2 5.8 26.6 35.1 38.2 524 £ 3.8 39.3 £ 3.0
CAS3 9 25.7 35.6 38.5 527+£1.9 382£13

CASO is the initial slag composition and the initial boron concentration in slag and in silicon.

Table VI. Results in the ternary CaO-Al,O3-SiO, system

Before (pct)

After (pct)

ID. Time (h) SiO, CaO Al O3 SiO, CaO ALO; B in Slag (mg/kg) B in Si (mg/kg)
CAS4 6 39.5 50.4 9.8 39.9 50.6 9.4 68.9 £ 11.0 332+ 5.7
CASS 6 25.1 50.3 243 32.1 454 223 66.5 £ 3.9 39.0 £ 1.0
CAS6 6 10.7 50.1 38.9 21.7 42.4 35.7 56.2 £9.2 423+ 72
CAS7 9 54.1 35.7 10.1 49.5 39.6 10.8 60.9 £ 8.6 312 £ 6.7
CASS8 9 38.8 35.7 25.4 37.2 37.8 249 59.4 + 6.1 38.0 + 8.4

Table VII. Results in the Ternary Mg0-Al,03-SiO, System

ID. Time (h) SiO; (pct) MgO (pct) AlLO3 (pet) B in Slag (mg/kg) B in Si (mg/kg)
MASO 0 49.8 22.6 27.1 139.4 £+ 14.3 <1

MASI 3 49.4 22.6 27.4 94.7 £ 4.4 419 £ 10.5
MAS2 6 48.5 23.0 28.1 859 + 15.9 449 £ 10.3
MAS3 9 47.7 233 28.7 88.9 £ 8.5 47.7 £ 14.5
MAS4* 6 — — — 108.8 £ 6.3 60.1 £ 7.0

MASO is the initial slag composition and the initial boron content in slag and silicon.

*Boron-doped silicon.

9.5 g mixture of 50 pct sodium metaborate and 50 pct
sodium tetraborate. The XRF instrument was calibrated
against certified reference materials for the whole range of
compositions in this work.

IV. RESULTS

The results for each slag system are given separately
starting with the binary CaO-SiO, system. An initial
series of experiments were conducted to determine the
equilibrium time for each slag system. The slag compo-
sitions given in the tables are normalized to the total
content of oxides. About 0.1 pct is Fe,O3 and less than
0.1 pct is other impurities while the rest is different
amounts of CaO, MgO, Al,Os, and SiO,. The uncer-
tainty of the measured boron concentration is given in
the figures and tables as 95 pct confidence intervals
based on the standard deviation of the three replicate
splits.

A. The Binary CaO-SiO, System
The most silica-rich master slag was chosen for

determination of equilibrium time in the binary CaO-
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SiO, slag system because the equilibrium time was
expected to be the longest for this system. The viscosity
is known to increase with increasing silica content in the
slagl'? and diffusivity is known to be inversely propor-
tional to viscosity. Hence mass transfer should be slower
the more viscous the slag is. The results from these
experiments are shown in Figure 2 and Table I.

The silicon content was measured simultancously with
the boron content by ICP-MS and found to be between
90 and 100 pct in most of the analyses. An accurate
measurement of the silicon content is not expected since
silicon is the sample matrix. However, the first replicate
split of CSO had a measured silicon content of 73 pct
which is considerably lower than expected. The boron
content in this replicate split was measured to be
96.1 mg/kg, which is considerably lower than the
measured boron content of 120.1 and 116.3 mg/kg in
the two other replicate splits. The lower measurement
values for the first replicate split indicated a possible
error during the sample preparation, and the first
replicate spilt was therefore disregarded.

It is seen in Figure 2 that the system reaches
equilibrium within 6 hours. One experiment was con-
ducted with boron oxide-doped slag and pure silicon to
approach equilibrium by mass transfer in the opposite
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Fig. |—Drawing of furnace where the bottom thermocouple was
used for measurement of temperature throughout the experiments. A
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direction and this experiment verifies the equilibrium
time of 6 hours. Most of the equilibrium experiments
were thus performed with a holding time of 6 hours
based on these results. The recovery of boron relative to
the total initial boron content in slag and silicon is also
indicated in Figure 2 and is seen to be close to 100 pct
for most experiments. Some SiO, is lost from the slag in
reaction with carbon from the crucible. A mass loss that
increased approximately linearly with time was observed
where the mass loss was measured by weighing the
graphite crucible before and after the experiments. The
reaction

Si0, + C = CO(g) + SiO(g) 2]
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was the main cause of this mass loss. The slag
composition after 6 hours was hence measured to be
somewhat different from the initial composition. A loss
of SiO, was measured in all investigated slag systems.
All compositions in this work are therefore given as
measured by XRF after the experiments.

The results from the equilibrium experiments in the
binary CaO-SiO, system are shown in Figure 3 and
Table II. Also the experiments with 6 and 9 hours
holding time from the initial series above are included in
the figure. The distribution coefficient of boron is seen to
be between 2 and 2.5 across the entire liquid region of
the binary CaO-SiO, system at 1873 K (1600 °C). A
small but not significant increase of the distribution
coefficient is seen with increasing CaO content in the
slag. Two experiments were performed in the CaO-rich
part of the system with a holding time of 3 hours and
equilibrium was reached within that time as can be seen
in Figure 3. A shorter equilibrium time than 6 hours for
these slags is expected since CaO-rich slags are less
viscous than SiO,-rich slags causing a faster mass
transfer. One experiment was performed in a SiO,
crucible and hence the slag was saturated with SiO,. It
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was therefore more viscous than the most SiO,-rich
master slag and an 18 hours holding time was used in
this experiment to ensure equilibrium between slag and
silicon with respect to boron. A boron-doped slag and
pure silicon was used in this experiment. The distribu-
tion coefficient of boron from this experiment is shown
in Figure 3 and is seen to fit with the trend found for the
experiments performed in graphite crucibles. Four
experiments altogether were performed in the binary
CaO0-Si0, slag system with boron oxide doped slag and
pure silicon. The recovery of boron was determined in
the same way as already described in the initial series
above and is seen in Figure 3 to be close to 100 pct for
most experiments.

The most CaO-rich slag is seen to be slightly outside
the liquid region given by Jung e al."*! The slag in this
experiment may therefore have been partially solid
Ca,Si0O4 before the experiment was finished. The solid
Ca,SiO4 may not incorporate boron and therefore give a
lower apparent distribution coefficient of boron than for
a slag that is entirely liquid. This experiment is therefore
not evaluated in the discussion of the results.

Silicon and slag from the samples labeled CS0, CS3,
CS7, and CS11 in Tables I and II was also analyzed at
an external laboratory by ICP-OES. The boron content
in slag was measured to 1.1 mg/kg for CS0, 67 mg/kg
for CS3, 66 mg/kg for CS7, and 70 mg/kg for CS11. In
silicon the boron content was measured to 83 mg/kg for
CS0, 29 mg/kg for CS3, 29 mg/kg for CS7, and 27 mg/
kg for CS11. The distribution coefficient of boron
calculated from these samples are shown in Figure 3
and they are seen to be in close agreement with the
values measured using ICP-MS. The total boron content
in slag and silicon found by ICP-OES is significantly
lower than the total boron content found by ICP-MS.
This may indicate a bias in the boron content as
measured by one or both of the instruments. Such a bias
will however not affect the measured distribution
coefficient of boron provided that the bias is the same
for both the slag and silicon samples. The close
agreement of the measured distribution coefficient of
boron with the two different instruments indicates that
this probably have been the case.

B. The Binary MgO-SiO, System

The binary MgO-SiO, system was investigated with
different holding times up to 12 hours where most
experiments were carried out with a lid on the crucible to
decrease mass loss. Most of the experiments in this
binary system also differed from experiments in other
slag systems in terms of mass and type of furnace; they
were performed with 5 g of slag and 5 g of silicon in an
alumina tube furnace. The boron-doped silicon was in
these experiments premelted in the graphite crucible and
cooled to room temperature before slag was added. In
the 12 hours experiment the inner wall of the crucible
was observed to be wetted with silicon after premelting
boron-doped silicon. This layer of silicon was observed
to still be present after the experiment and mass loss was
lower than after the experiments with 6 and 9 hours
holding time. The silicon-covered crucible wall is there-
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fore believed to have prevented reaction between carbon
and SiO, in the slag.

Equilibrium was found to be reached within 6 hours
in the binary MgO-SiO, system as can be seen in
Figure 4. The results in this system are also given in
Table III. It is seen that almost no transfer of boron had
occurred after 3 hours. This was probably caused by the
slag composition being slightly outside the liquid region
in the MgO-SiO, system as can be seen in Figure 5. Loss
of SiO, with time did, however, bring the slag compo-
sition inside the liquid region for holding times of
2 hours and longer. Some MgO was also lost from the
slag according to the mass balance, but at a much lower
rate than SiO,. Also in this system one experiment was
conducted with pure silicon to approach equilibrium by
mass transfer in the opposite direction. Doping of the
slag with boron oxide was not necessary since the slag
initially contained boron oxide. This experiment was
performed with 15 g slag and 15 g silicon and a holding
time of 6 hours in the above described graphite tube

1650—VOLUME 45B, OCTOBER 2014

furnace and it confirmed an equilibrium time of 6 hours.
The 12 hours experiment and another experiment with
15 g boron-doped silicon and 15g slag was also
performed in the graphite tube furnace while the other
experiments in the binary MgO-SiO, system were
performed in the alumina tube furnace. The distribution
coefficient of boron is seen to have a value between 2
and 2.5 also in this system. The recovery of boron was
also in this system found to be close to 100 pct for most
experiments.

C. The Ternary CaO-MgO-SiO, System

The viscosity is unchanged when CaO is replaced with
MgO (on eq{ual mass basis) in the ternary CaO-MgO-
SiO, system.!'” The rate of mass transfer in the ternary
Ca0O-MgO-SiO, system was therefore considered to be
similar as in the binary CaO-SiO, and MgO-SiO,
systems. An equilibrium time of 6 hours was therefore
deemed to be sufficient for this system and all 20
experiments were performed with this holding time. The
three most viscous ternary slags were performed by
equilibration with mass transfer of boron in both
directions to assure that equilibrium was reached. In
addition the slag with the lowest SiO, content (in mole
basis) was equilibrated in both directions. Equilibrium
was in these experiments confirmed to be reached in
6 hours.

All results in the ternary CaO-MgO-SiO, system are
shown in Figure 6 and Table IV. The separation
between high and low SiO» containing slags can be seen
in Figure 7. The distribution coefficient of boron is seen
to be the approximately same across the entire system
with most values in the range between 2 and 2.5.
Replacing CaO with MgO is seen to have no influence
on the distribution coefficient of boron. The SiO,
content was not found to influence the distribution
coefficient significantly either as can be seen by the
similar values of the distribution coefficient of boron
with high and low SiO, content, respectively.

D. The Ternary CaO-Al,053-SiO;, System

Six different slag compositions were investigated in
the ternary CaO-Al,O5-SiO, system. Three of the slags
contained approximately 35 pct CaO and different levels
of Al,O5 while the three other slags contained approx-
imately 50 pct CaO and different levels of Al,Os.
Experiments with holding times up to 9 hours were
performed with the slag containing least CaO and most
Al,Os. This slag system was chosen to see if the Al,O3
content influenced the equilibrium time. The equilibrium
time for a slag with similar CaO content in the binary
CaO-SiO, system has been determined above to be
6 hours. The viscosity is approximately the same with
constant CaO content in the Ca0O-Al,05-SiO, systemm]
and a similar equilibrium time as in the binary CaO-
SiO, system was therefore expected for the investigated
ternary CaO-Al,O5-SiO, system. The results are shown
in Table V.

Equilibrium was found to be reached within 3 to
6 hours as can be seen in Figure 8. The recovery of
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boron in this system is seen to be 100 pct for all three
holding times. The SiO, content in the slag was found to
increase after the three first hours of holding time. This
was caused by a significant amount of calcium and
aluminium being reduced into the molten silicon. The
concentration of calcium and aluminium in silicon after
3 hours was measured to be 0.8 and 1.2 pct, respec-
tively. From 3 hours holding time the SiO, content in
the slag is seen Table V to decrease in the same way as in
the other slag systems. An equilibrium time of 9 hours
was chosen to be sure that equilibrium was reached for
the slags with approximately 35 pct CaO while an
equilibrium time of 6 hours was chosen for the slags
containing approximately 50 pct CaO.

The distribution coefficient of boron was found to
decrease with increasing Al,O5 content in the slag as can
be seen in Figure 9 and Table VI. The CaO content in
the slag was not found to influence the distribution
coefficient of boron significantly in this system either as
can be seen by the small difference between slags with
high and low CaO content, respectively.

One ternary MgO-Al,03-Si0, slag was also investi-
gated with holding times up to 9 hours where the slag
initially contained approximately 140 mg/kg boron. The
investigation of this system was performed by a master
student under the supervision of the present authors.!'"
The results are shown in Table VII and Figure 10. Pure
silicon was used and equilibrium is seen to be reached
within 6 hours. This equilibrium time was confirmed by
one experiment with a holding time of 6 hours where
equilibrium was approached by mass transfer in the
opposite direction by use of boron-doped silicon. This is
on the low side of the values found in the ternary CaO-
MgO-SiO, system indicating that Al,O5 also decrease
the distribution coefficient when added to a binary
MgO-SiO, slag.

V. DISCUSSION

The recovery of boron is seen to be close to 100 pct
for most experiments indicating that boron remains in
the slag-silicon system. A complete recovery of boron
also indicates that the sampling and analytical proce-
dure works well for determination of boron in all slag
systems. Each slag system is compared with previous
works below.

A. The Binary CaO-SiO; System

The distribution coefficient of boron in the binary
CaO-SiO, system is compared with previous works in
Figure 11. Teixeira er al.l"! investigated the whole liquid
region of this system at 1823 K (1550 °C). A good
agreement with the present work is seen in the mid-
range of this slag system. Teixeira et a/. found higher
values of the distribution coefficient of boron for slags
with a high CaO content and slags with a high SiO,
content. The work by Teixeira et al. was conducted for
18 hours in graphite crucibles under argon atmosphere.
Temperature may have some influence on the distribu-
tion coefficient, but a change in the trend from quadratic
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to linear with just a 50 K (50 °C) change in temperature
is not expected. Teixeira et al. also investigated the
concentration dependence of the distribution coefficient
of boron up to 0.08 pct in silicon and 0.8 pct B,O5 in
slag and found it to behave as a Henrian solute in this
range.

Teixeira and Morital® investigated a slag with a CaO/
SiO, mass ratio of 1.21 using a holding time of 1 hour.
The other conditions were the same as in the work by
Teixeira et al. discussed above. They found the distri-
bution coefficient to be 1.69 which is somewhat lower
than found in the present work. It is also significantly
lower than found in their work for the same composi-
tion with a holding time of 18 hours which indicates that
equilibrium has not been reached for a holding time of
1 hour.

The distribution coefficient of boron found in the
present work is on the other hand higher than found in
the work by Suzuki et al®' They used both argon
atmosphere and argon mixed with 12.5 pct CO, but did
not find the atmosphere to influence the distribution
coefficient of boron. A holding time of 6 hours was
found to be necessary to reach equilibrium for a similar
slag composition at 1873 K (1600 °C) in the present
work. Suzuki et al. used 10 g of slag and 10 g of silicon
which is close to the 15 g of slag and silicon used in the
present work. Hence, a holding time of 2 hours as used
by Suzuki et al. for temperatures between 1723 K and
1823 K (1450 and 1550 °C) may not have been suffi-
ciently long to reach equilibrium. Suzuki er al. used
boron-doped silicon and equilibrium was hence ap-
proached by mass transfer of boron from silicon to slag,
which will give a lower value of the distribution
coefficient than the true value if equilibrium was not
reached. The final slag composition was not determined
and the initial composition was therefore used in
Figure 11. They used graphite crucibles and the slag
composition had probably changed somewhat toward a
more CaO-rich slag due to the reaction between carbon
and SiO,.

Weiss and Schwerdtfeger investigated one slag
composition in the binary calcium silicate system at
1773 K (1500 °C) using a boron-doped slag. Equilib-
rium was hence approached by mass transfer in the
opposite direction as when using boron-doped silicon.
The experiments were conducted under argon atmo-
sphere in silica crucibles. Silica saturation of the slag was
hence attained throughout their experiments. The boron
concentration in slag was 1.25 pct B,O; while it was
0.23 pct elemental boron in silicon. This may be
somewhat outside the Henrian solute range of boron
in the system and the results are seen to be somewhat
lower than found in the present work. They used
holding times of 4 and 6.5 hours and found the
distribution coefficient to be 1.74 and 1.70, respectively,
which indicates that equilibrium were reached after
4 hours in their experiments.

Nishimoto er al®) also investigated one slag compo-
sition in the binary calcium silicate system at 1823 K
(1550 °C) where the CaO/SiO, mass ratio was equal to
1.22. The experiments were conducted in graphite
crucibles under argon atmosphere. They found the
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equilibrium time to be 2 hours and determined the
distribution coefficient to be 2.16 which is in good
agreement with the present work. The initial slag
composition is used in Figure 11 since the final slag
composition was not measured.

The distribution coefficient in the binary calcium
silicate system has also been determined in some other
works but the values have not been included since the
systems are considered not to be in equilibrium. Luo
et al!'® did one experiment under argon atmosphere at
1773 K (1500 °C) with a CaO/SiO, mass ratio of 1.21
and found the distribution coefficient of boron to be 2.2.
This value is in good agreement with the present work,
but the final slag composition was not measured. The
system was held at in a silica crucible and the slag
composition has therefore changed toward silica satu-
ration during their experiment. Ding ez al.”! published
one value of the distribution coefficient of boron at
1823 K (1550 °C). The distribution coefficient was
found to be 1.0 but the holding time was not stated
and it is therefore not possible to evaluate if the system
has reached equilibrium. The amount of silicon used for
their experiments was not stated either and argon gas
was bubbled through water before it entered the
furnace. Moisture has previously been shown by Nord-
strand and Tangstad"® to remove boron from silicon.
The system in the study by Ding et al. may therefore be
a non-equilibrium system with a concentration gradient
of boron in slag and silicon throughout the experiment.

A summary of the observations discussed above is
that the present work is in good agreement with the
work by Teixeira et al"! for slag compositions in the
mid-range of the liquid region and Nishimoto e al.l”! for
high CaO content in the slag. The values found by Weiss
and Schwerdtfeger is somewhat lower than found in
the I[)resent work while the values found by Suzuki
et al.® much lower than found both in the present work
and found in the work by Weiss and Schwerdtfeger. The
system may, however, as discussed above, not have
reached equilibrium in the work by Suzuki et al. No
obvious explanation has been found, even if there is a
50 K (50 °C) difference in temperature, for the discrep-
ancy between the present work and the work by Teixeira
et al. for high and low SiO, content in the slag.

B. The Ternary CaO-MgO-SiO, System

There are no previous works in the binary MgO-SiO,
system. Two works have been conducted before the
present work in the ternary CaO-MgO-SiO, system and
they are compared with the present work in Figure 12.
Also the values from the present work in the binary
Ca0-SiO, and MgO-SiO, systems have been included in
the plot of the present work. The trend found in the
present work is shown as a dashed line in Figure 12 and
it is seen to be almost horizontal with a small but not
significant increase of the distribution coefficient with
decreasing SiO, content in the slag.

Suzuki ez al?! determined the distribution coefficient
of boron at 1723 K (1450 °C) under CO atmosphere
using CaO-10 pctMgO-SiO, slags, and the values are
seen to be lower than found in the present work. They
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used a holding time of 2 hours, which is somewhat short
considering that the equilibrium time in the binary CaO-
SiO, system has been found to be between 2 and 6 hours
at 1823 K to 1873 K (1550 °C to 1600 °C). The system
may therefore not have reached equilibrium giving
values lower than the equilibrium value in the same
way as in the binary CaO-SiO, system. They also
investigated the temperature dependence of the distri-
bution coefficient for a 29 pctCaO-20 pctMgO-51 pct-
SiO, slag and found the distribution coefficient to
increase with temperature. This trend may, however,
also be caused by the system not being in equilibrium. A
higher temperature gives faster mass transfer possibly
yielding values closer to equilibrium with increasing
temperature.

White et al™® equilibrated CaO-MgO-SiO, slags with
silicon under CO gas at atmospheric pressure. They used
a holding time of 48 hours at 1873 K (1600 °C) and
their results are seen to be in relatively close agreement
with the present work. It is seen that White et al.
obtained somewhat higher values than found in the
present work for slags with a higher SiO, content. The
MgO content in the slags investigated by White et al.
ranged from 1.0 to 14.3 pct. The final slag composition
in the present work and the work by White et al. is
shown in Figure 13 together with the initial composition
in the work by Suzuki ef al. White et al. also investigated
the influence of reduced partial pressure of CO where
argon was used as a diluent. This caused the mean value
of the distribution coefficient of boron to be lowered
from 2.7 at atmospheric pressure of CO to 2.6 at a CO
pressure of 0.6 atm balanced with 0.4 atm argon.

White et al. also investigated the influence of nitrogen
atmosphere on the distribution coefficient of boron.!!
They used mixtures of nitrogen and CO gas under
atmospheric pressure where the nitrogen content was
varied between 0.1 and 0.4 atm. The distribution coef-
ficient was found to increase under nitrogen atmosphere
where the mean value of the distribution coefficient
under 0.4 atm nitrogen gas was 3.1. They also investi-
gated four calcium silicate slags with 0.3 to 0.5 pct MgO
under 0.99 atm nitrogen gas and 0.01 atm CO. The
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Fig. 13—Investigated slag compositions in the ternary CaO-MgO-
SiO, system.

distribution coefficient was found to be in the range
from 1.8 to 2.2 which is much lower than any other
values they found. The final composition of these slags
was, however, outside the liquid region on the CaO-rich
side of the slag system. The slag may therefore have been
partially solid before the experiment was finished and
the solid part would then have been dicalcium silicate.
Such a boron-deficient solid would give a lower distri-
bution coefficient of boron than in a completely liquid
slag.

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

Several studies have been conducted to determine the
distribution of boron between silicon and ternary CaO-
Al,03-Si0, slags. Two of these works are compared
with the present work in Figure 14. Fujiwara et al.l'”
investigated the system using alumina crucibles at
1873 K (1600 °C) under argon atmosphere. Their work
is seen to agree with the trend found in the present work
where the distribution coefficient decreases with increas-
ing Al,O3 content in the slag. The slag compositions in
their work have been calculated here based on the
assumption that the slag composition is fixed at the
liquidus line as shown in Figure 15.

Johnston and Barati!'" investigated the system under
argon atmosphere at 1773 K (1500 °C) and their results
also agree with the trend found in the present work, even
if the temperature is 100 K (100 °C) lower than in the
present work. They used alumina crucibles and a
holding time of 2 hours. An equilibrium time of 2 hours
had been found wusing a 30 pctAl,05-40 pctCaO-
10 pctMgO-20 pctSiO, slag. More viscous slags may
have longer equilibrium times. Their work has been
divided into low and high CaO slags, respectively, where
the compositions of slags are shown in Figure 15. The
slags also contained 2.1 to 4.2 pct MgO and this is
probably the reason why the final slag compositions are
close to the liquidus line at 1873 K (1600 °C). The CaO
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content in the slag is seen not to influence the distribu-
tion coefficient significantly which also has been found
to be the case in the present work. Replacing CaO with
MgO was in the present work found to not influence the
distribution coefficient of boron significantly in the
ternary CaO-MgO-SiO, system. A series with quater-
nary CaO-MgO-Al,05-SiO, slags from the study by
Johnston and Barati was also included in Figure 14 and
it is seen to follow the same trend as the ternary CaO-
Al,03-S10; slags. This series was conducted in magnesia
crucibles using the same conditions as a described for
the ternary CaO-Al,05-SiO, system. This supports the
finding that replacing CaO with MgO does not influence
the distribution coefficient of boron.

Luo et al!® did also investigate the ternary CaO-
Al,O3-SiO, system where they found the distribution
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coefficient to increase both with time and temperature.
The values they found in these experiments were in the
range from 4.8 to 6.5. The longest holding time they
used was 2 hours and an increasing distribution coeffi-
cient with time indicates that their system had not
reached equilibrium. Mass transfer rate increases with
temperature and this may explain the increase of the
distribution coefficient of boron with increasing temper-
ature. They also did a series of experiments with fixed
CaQ/SiO, mass ratio and increasing Al,O5; content in
the slag. They used silica crucibles and a holding time of
1 hour and found the distribution coefficient to increase
with increasing Al,O; content in the slag where the
values were in the range between 4.5 and 9.3. This is
opposite of the trends fond in the present and other
previous works. The use of a silica crucible means that
the silica content in the slag probably changed signif-
icantly toward silica saturation, but the final slag
composition was not measured. It is therefore not
possible to plot the results in terms of final slag
composition and a plot in terms of initial composition
could be somewhat misleading when comparing with
other works. A holding time of 1 hour may be insuffi-
cient for the system to reach equilibrium considering
that SiO,-rich slags have been found in the present study
to need up to 6 hours to reach equilibrium. The study
was for these reasons not included in Figure 14.

A linear fit to all plotted data from the present and
previous works is also shown in Figure 14 and extrap-
olates to a value close to zero when the SiO, content in
the slag is zero. At this point the metal will no longer
contain any silicon and the partial pressure of oxygen in
the system is therefore too low to oxidize boron. It is
therefore expected that the distribution coefficient
should decrease to zero as the SiO, content in the slag
decreases to zero. The distribution coefficient of boron
in the CaO-Al,03-Si0, system can therefore be ex-
pressed by

0 Xsio,
LB = LB ] ) [3]
Xsio, + XAl,04

where LY is the distribution coefficient of boron for a
slag not containing Al,O3. The quaternary CaO-MgO-
Al,03-Si10, slags in the study by Johnston and Barati

are also seen to follow this trend. More data is needed to
determine if a Mg0O-Al,03-SiO, slag follows this trend.

VI. CONCLUSIONS

The distribution coefficient of boron is independent of
slag composition in the binary CaO-SiO, and MgO-SiO,
systems and the ternary CaO-MgO-SiO, system. The
distribution coefficient has been found in the present
work to be between 2 and 2.5 across the entire liquid
region of these systems at 1873 K (1600 °C). The
distribution coefficient decreases with increasing Al,O3
content in the ternary CaO-Al,O3-SiO, system. This
decrease of the distribution coefficient of boron also
agrees with previous works in the ternary CaO-Al,O3-
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SiO, system and the quaternary CaO-MgO-Al,05-SiO,
system.
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