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silicon and Si-Sn alloy through slag refining
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A combined method of slag refining and gas blowing technique were used for boron
removal from metallurgical grade silicon and 75%wt Si-Sn alloy using the 45% CaO-
45% 8i0,-10% CaCl, slag with the use of Ar gas and Ar-20% O, mixed gas. Increasing gas
flow rate from 50 to 250 ml/min shows enhancement in B removal. At fixed conditions the
Ar-20%0, mixed gas blowing shows a good removal efficiency of boron about 85% and
96% to MG and Si-Sn alloy respectively, compared with the single Ar gas blowing with
78.6% and 88% to MG and Si-Sn alloy respectively. Changes in slag composition repre-
senting by decreasing in all compounds especially CaCl, attached with increase in Al,O,.
The B impurities after the treatment found with low intensity in Si matrix but with high
intensity in slag phase and Sn phase. Boron removal controlled by mass transfer in slag
phase with mass transfer coefficients of 8.88.107%cm.s! and 7.2-107%cm.s™! in Si and Si-Sn
alloy respectively.

Keywords: B removal; metallurgical grade silicon; Si-Sn alloy; slag refining; gas
blowing

KoMOUHUPOBAaHHEIH MeTOJ IepepaloTKU IIJI4KOB METOJOM Tra3oBOd MNpOAYBKU OBLII UC-
MOJBL30BAH [UIA YAAJeHUs Gopa U3 KPeMHHUsS MeTaJLIyprudecKoro copra u 75% cmiasa Si-Sn
¢ npumenenuem 45 % CaO — 45 % SiOy — 10% CaCl, mnaka ¢ ICIONB30BAHMEM UYHCTOIO
rasa Arm Ar — 20% O, cmemansoro rasa. Yseaudenue pacxoga rasa or 50 mo 250 mn / Mun
yayuriaer mnpouece yaajgenusa B. IIpu (pUKCHPOBAHHLIX YCIOBUAX MCIOJL30BAHNE CMEIIAHHO-
ro rasza Ar — 20% O, mokaspIBaeT Xopomryio s(deKTUBHOCTL yAameHusa Gopa, okoxo 85 %
u 96 % pas cunasos MG m Si-Sn, cooTBeTCTBEHHO, 10 CPABHEHUIO C OJMHOYHBIM IrasoMm Ar ¢
78,6 % m 88 % mo MI' m Si-Sn, coorBercTBeHHO. YaaneHne 60pa KOHTPOJIUPYETCH MACCOIIE-
PEHOCOM B IILIIAKOBOI (hase ¢ Koadduuuenramu mMacconepenoca 3,38:10 %em! u 7,2:107° em!
B cmrase Si m Si-Sn coorsercTBeHHO.

Bugagenns Gopy 3 MeraaypridHoro kKpemuino i cmaasy Si-Sn maaxom mepepo6ku
IIAKy 3 Ta30BUM mpoayBoM. Rowaid Al-kRhazraji, Yaqiong Li, Lifeng Zhang

Kombinopaumii MeToq mepepoOKM MIJaKiB MeTOZOM Ta3oBoi MPOAYBKM OYB BUKOPUCTAHME
IJIA BUJAJEHHsS 0opy 3 KpeMHi0 3 Merauaypriiiaoro copry i 75% cnaasy Si-Sn 3 Bukopucran-
Ham 45% CaO - 45% SiO,— 10% CaCl2 munaky 3 BuxopmcranHaM rasy Ar i Ar- 20% O,
smimanoro rasy. 36iaepmienus utparu rasy Bixg 50 mo 250 mu / XB IIOKasye IOJINIIeHHA B
sugagenni B. IIpu dikcoBanmx ymoBax BumyBamusa smimammm razom Ar-20% O2 moxasye
xoporty edeKTuBHiCTL BUAaseHHs Gopy 6amsbko 85% 1 96% mua cmaasie MG i Si-Sn
BignmosigHO, B mnopiBHAHHI 3 oxmHOYHMM rasom Ar 3 78,6% i 88% mo MI' i Si-Sn,
Bigmorimmo. Bupanemus 60py KOHTPOJIOETHCA MACCOIEPEHOCOM B IIJakKoBol ¢asi 3
roedinienramu maconeperocy 3,38-107% eml i 7,2:107° em! 8 cuasi Si i Si-Sn eixmosigso.
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1. Introductions

Recently, a lot of efforts to develop a
low cost method to produce solar grade sili-
con (SOG-Si) of 99.9999% purity to improve
the renewal energy resources due to the
limitation of fossil energy [1, 2]. Solar
grade silicon (SOG-Si) produce from purifi-
cation of metallurgical grade silicon (MG-Si)
consider the basic material in solar cell for
photovoltaic (PV) applications [3]. The SOG-
Si is produced by the chemical methods such
as Siemens process, fluid bed process, and
silane process. However, the metallurgical
methods with low energy consumption and
low cost getting more attention. The metal-
lurgical methods composed of acid leaching
[4], directional solidification [5], solvent re-
fining [6], slag refining [7], plasma treat-
ment [8], electron beam [9], and gas blowing
[10]. Each method responsible to remove a
group of impurities. Most of the metallic
impurities such as Fe, Al, Ti, etc., can be
remove by directional solidification and
other methods, but B which is a typical
non-metallic impurity hard to be removed
from Si by this methods due it possess high
segregation coefficient in Si and low vapor
pressure. Slag refining considers an effec-
tive way to remove B. The B in Si will
combine into Fe-B pairs and B-O metastable
complexes defects with interstitial oxygen
and iron [11]. It will accelerate the auger
recombination and reduce the mobility ratio
of minority carriers in solar cells [12].
Boron can be separated and removed from
molten MG-Si in the form of borates (BO%‘ )
by adding CaO-SiO, containing slag. Re-
searchers [18-17] investigated B removal
with the aim of decreasing B content and
increasing partition ratio of B (LB) between
slag and molten Si by optimizing the slag and
the slag system of CaO-SiO, and SiO,-CaO-
CaF, (CaCl,-Na,O,-MgO,-Ba0,-Al,05-Mg0) [138-
17]. However, the LB values are mostly
around 2, and the highest reported value is
5.5 and the B content sometimes is difficult
to decrease to SOG-Si level.

In order to improve Si refining to meet
the SOG-Si requirements, slag refining of
MG-Si was combined with gas blowing tech-
nique. The uses of gas blowing will create B
containing volatile products which can be

eliminating through gas flow. The MG-Si
can be purify and improve by blowing the
gas or mix of gases diluted with Ar gas or
other inert gas. Elements such B, Ca, Al, Ti
and Mg are easily oxidized from the Si-melt
due to their lard free energy values. The
gas blowing technique cannot remove impu-
rities only, but develop stirring and slag-
ging of the Si/Slag melt to increase the
reactions rate [18]. A combined method of
slag refining with gas blowing technique
were performed to enhance B removal from
MG-Si and Si-Sn alloy. The effect of gas
flow rate, gas type, elements distributions,
changes in slag compositions, and mass
transfer coefficient were investigated.

2. Experimental

The slag refining combined with gas
blowing was performed to MG-Si and 75%
Si-Snh pre-melted alloy with the use of pre-
melted 45% Ca0-45% Si0,-10% CaCl, slag
system in graphite crucible with 2.5 cm
inner diameter inside resistance furnace.
The initial B impurity concentration before
the reaction is shown in Table 1.

Reaction temperature was 15000C and
for different holding time. The gases of Ar
and Ar-20% 02 were blow in the experiment
with the help of Al,O3 lance with 5mm di-
ameter. Figure 1 shows the experiment
structure. After the experiment, the graph-
ite crucible was taken out from the furnace
to cool down. Later, the slag was separated
mechanically from the MG-Si or the 75% wt
Si-Sn alloy. The MG-Si and the 75% wt Si-
Sn alloy were treated with acid leaching and
the B content was examine through induec-
tively coupled plasma atomic emission spec-
troscopy inductively coupled plasma (ICP-
AES). The X-ray fluorescence (XRF) was
use to find the changes in slag mass ratio
before and after slag refining. Electron
probe microanalyzer (EPMA) used to ob-
serve the element distribution.

3. Results and discussions

3.1 Flow rate effect

The gas flow rate effect in slag refining
was studied with the use of Ar gas for MG-
Si and 75% wt Si-Sn alloy with 30 min
holding time. The experiments preformed

Table 1. Impurity concentrations (ppmw) in Interaction materials

Impurity MG-Si Sn Ca0 Sio, CaCl,
B 18.8 1 1.2 0.2 0.5
626 Functional materials, 25, 3, 2018
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Fig. 1. MG-Si, 75% Si-Sn alloy slag refining with gas blowing.

with (50,150, and 250) ml/min gas flow
rate. The results shown in Fig. 2.

In both Si and Si-Sn alloy, B concentra-
tions decreased with increasing the flow
rate of Ar gas which is an inert gas. This
can be explained as increasing the gas flow
rate led to increasing the stirring of the
melt which results increasing in the kinetic
energy of the slag refining reaction. In ad-
dition, increasing gas flow rate led to an
alloy/slag increased in the reaction inter-
face area between alloy/slag and conse-
quence increasing in the B removal.

3.2 Gas type using Ar20%0, gas effect
with slag refining on B removal

In order to enhance the B removal from
Si by the combined process of slag refining
and gas blowing, blowing O, gas was per-
formed to rise up the oxidation reaction and
consequence having a better B removal.
Blowing O, gas in Si refining process con-
siders an effective method to remove impu-
rities directly from the MG-Si melt and pro-
mote B elimination by volatilization as B
gaseous species such as BO [19]. In this
experiment, the O, gas ratio was set with
20% in the Ar-O, mixed gas to avoid unnec-
essary Si oxidation as SiO vapor [20]. The
results of Ar-20% O, gas blowing into Si-Sn
slag refining with different holding time
and fixed gas flow rate 150 ml/min are
shown in Fig.3.

The results shows that increasing hold-
ing time will decrease the final B concentra-
tion in the refined Si and the B removal
efficiency was highly improved by combin-
ing the slagging and the gas blowing refin-
ing process. The B content in both of Si and
75% wt Si-Sn alloy decreased sharply in the
first 60 min but there were no further de-
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Fig. 2. Ar gas flowing rate effect in B re-
moval with slag refining
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Fig. 3. Holding time effect in slag refining
combined with Ar-20%0O, gas blowing on B
removal from MG-Si and 756% Si-Sn alloy.

creasing with further holding time. That in-
dicates that reaction equilibrium was reach-
ing in 60 min. the maximum B removal
efficiency in MG-Si was 85% while the
maximum efficiency in 75% wt Si-Sn alloy
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Table 2. Final Compositions for the Ca0O-SiO,-CaCl, Slag System after reaction with 75 wt %
Si-Sn Alloys at 1500 °C for different holding time

Ca0% Si0,% CaCl,% AlLO,% MgO % Basicity
Initial 45 45 10 0 0 1
After 30 min 41.28 37.7 4.95 13.7 2.87 1.09
After 60 min 39 35 2.1 19.3 4.6 1.1
After 120 min| 38.8 33.2 1.9 21.7 4.4 1.17

B Level Al Level Ca Level
8 69 61

l 3 l 51 I 45

4 34 30

I 2 I 17 I 15
0 0 0
Ave 0 Ave 19 Ave 16

Si Level CP Level Cl Level
433 2332 10

I 372 1743 l 7
252 1166 5

I 13 I 583 I 2
0

n 1)
Ave 240

Path : C:\EpmaDatatlujunt20180423
Project : 21_0002

&8 Apr 23 15:33 2018
Stage Scan
Acc. V200 kY
Prob C 1.030e-0084
Beam Shape : SPOT
Prob Diam.(um) O
Dwell(ms) 10.00
Stage No.0001
X:23.3432 mm

YY1 18.0356 mm

Z:10.3330 mm
Direction: Single
Points 300%300
Intervallum) X:0.28

Fig. 4. Distribution of the elements in MG-Si after 45 wt % Ca0-45 wt % Si0,-10 wt % CaCl, slag

treatment combined with Ar-20 % O, gas blowing.

was 96% . The result with using Ar-20% O,
mixed gas in the gas blowing was better
comparing to the result of using only Ar gas
in the process. The reason back to blowing
O, into the CaO-Si0,-CaCl, slag promote
removal the B as calcium Dborate
(3Ca0.B,03) into slag and volatilization of
B gaseous species as BO and BOCI.

The initial slag composition used was
45% Ca0-45% Si0,-10% CaCl,. During the
slag reaction and with increasing holding
time, there was changing in the slag mass
ratio representing mainly by decreasing in
all the compounds and specially the CaCl,
due to the evaporation in the high tempera-
tures and participation in B removal as
BOCI gas. Additionally, there are increasing
in Al,O3 and MgO ratio because of the reac-
tion between the melt and alumina tube
which was used to transfer the gas for gas
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blowing technique. Table 2 shows the
changes in slag mass ratio in slag refining
combined with gas blowing in different
holding time.

To further explore the element distribu-
tion subsequent to combined method of slag
refining and gas blowing technique, the
EPMA-mapping method was applied.
Through analysis, it could be observe from
Fig.4 elements distribution in MG-Si after
the combined process. Both of Si phase and
slag phase can be seen. The Ca, Cl, and Si
can found clearly in the slag phase because
they are the main materials of the slag. The
Al was found in high intensity in the slag
phase due to the reaction between slag
phase and submerged alumina lance in slag
which used to transfer the gas during das
blowing process. The B impurities were
found in all over the sample but with rela-

Functional materials, 25, 3, 2018
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Fig. 5. Distribution of the elements in 75 wt% Si-Sn alloy after 45 wt% Ca0-45 wt% Si02-10 wt%
CaCl, slag treatment combined with Ar-20% O, gas blowing

tive high intensity in the slag phase due to
the mass transfer of B from Si to the slag
through the oxidation reaction. The Ca, Al,
and Cl were found with low intensity in Si
phase.

Figure 5 shows the elements mapping in
Si-Sn alloy. It can be seen that impurities B,
Ti, Fe, and Ca were relatively concentrated
in Sn phase of the alloy than in Si. The
results indicate that solidification of liquid
alloy may set the B distribution because Sn
in Si-Sn alloy shows higher affinity for B
than Si solid phase. This led to low segrega-
tion coefficient of B between Si solid phase
and Sn liquid phase resulting in effective B
getting by Sn in Si-Sn alloy. The Al impu-
rity was concentrated in the Si phase after
45% Ca0-45% Si0,-10% CaCl, slag treat-
ment because of the relatively large segre-
gation coefficient of Al in molten Si. During
solidification process of Si-Sn alloy, Al im-
purity will reject to the Sn liquid phase.
Due to the high cooling rate in the experi-
ment, Al impurities had insufficient time to
transfer to Sn liquid phase and therefore it

Functional materials, 25, 3, 2018

will be found in low concentration randomly
across the alloy and in high concentration
in the front area between Si/Sn phases. The
Fe impurity phase was found in the sample
attaching to Sn phase because Fe has a low
segregation coefficient in the Si-Sn alloy
and favors segregation in the Sn phase dur-
ing solidification [21] which can be easily
removed together with Sn by acid leaching.

The slag refining reaction takes place
through mass transfer in Si, Si-Sn, by
chemical reaction in the interface between
metal and slag, mass transfer in slag phase,
and evaporation from surface to the gas
phase. The overall mass transfer coefficient
can be calculated based on the results ob-
tained from the concentrations of B in the
slag and Si, Si-Sn alloy. It can be concluded
that the reaction at the interface of slag
and Si, Si-Sn alloy reach equilibrium since
the concentration of B remained unchanged.
The molar flux of impurity can be expressed
as below:

_d M[%B]
"B~ 7t TOOM Ag (1)
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Fig. 6. Relationship between YInZ and hold-
ing time.

Arranging equation (1) to the B flux
and can be expressed as equation (2)

okt oo BBy @
= Toon5 L *BY ~ &7

ng

where p is the metal density, yp and fg are

the equilibrium coefficients of boron in slag
and silicon, K is the equilibrium constant of
the oxidation reaction, and k; is the total
mass transfer coefficient. The equilibrium
constant K can express as:

_ %B ®
- [%Blfp
The B partition ratio defined flowing:
I = (% B) 4)
B [%B]

where (% B) represent the B concentration
in slag phase and [% B] the B concentration
in Si phase. The relationship between the
mass transfer coefficient and time written
as equation (5):

M N [% B] - [%B]e . t(5)
M _\[%Bl,-[%Bl,
pAs(l + T M ]

B*S

where M and Mg represents the mass of Si,
Si-Sn alloy and slag. Equation (5) can be
represented in the form as below:

YInZ = —k,t (6)

According to equation (6), a plot of
(YInZ) vs. time is a straight line with a
slope Ky when the mass transfer is the rate
controlling step. Fig. 6 shows the linear re-
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Table 3. Final B content with holding time
to MG-Si and 75 wt% Si-Sn alloy till equi-

librium
MG-Si 75 wt% Si-Sn
Time B (ppmw) Ly B (ppmw) Ly
(min)
15 4.6 1.8 9.25 0.34
30 3.9 2.3 5.5 1
60 2.7 3.6 1.24 6.5

gression of the mass transfer coefficient of
B when equation (6) is applied. The mass
transfer coefficients of B were 3.38-10"
4em.s! and 7.2:10%cm.s’! in Si and Si-Sn
alloy respectively with following information
in Table 3.

4. Conclusions

Combined method of slag refining with
gas blowing technique was performed to en-
hance B removal from MG-Si and 75 wt%
Si-Sn alloy using Ar and Ar-20 % O, gase-
ous. The gas blowing enhances B removal
through promoting slagging by stirring the
melt to increase reaction rate.

Increasing gas flow rate led to increase
the B removal. Where B content decrease
from 4.5 ppmw and 3.1 ppmw in both Si and
Si-Sn alloy, respectively with 50 ml/min flow
rate to 2.7 ppmw and 1.5 ppmw in Si and
Si-Sn, respectively with increasing the flow
rate to 250 ml/min under fixed conditions of
time and temperature with the use of Ar gas.

Blowing Ar-20% O, mixed gas shows bet-
ter results from Ar gas blowing due to the
oxidation effect of this gas which enhances
the B removal.

Increasing holding time in Ar-20% O, gas
blowing with slag refining led to decrease
the B content and increase the removal effi-
ciency up to 60 min holding time. Further
increasing in holding time shows no chang-
ing in the results.

The changes in the slag compositions
with increasing holding time representing
by decrease in CaCl, content due to the
evaporation in high temperatures and reac-
tion with B to produce BOCI gas. Increasing
in Al,O3 content in the slag compositions
due the reaction with alumina lance. Chang-
ing in the slag basicity from 1 to 1.17.

It was found that the kinetics controlled
by mass transfer of B in slag phase with mass
transfer coefficients of 8.38107% cms™! and

7.2.107%cm-s7! in Si and Si-Sn alloy respectively.

Functional materials, 25, 3, 2018
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