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Abstract 
 

The global energy transformation is much strengthened nowadays towards a more sustainable future. 

Solar energy has become the most popular and fastest-growing renewable energy resource worldwide. 

However, it still requires the current solar-grade silicon (SoG-Si, purity 99.9999%, 6N) production 

with lower cost, larger manufacturing scale and increasing sustainability to embrace the upcoming 

photovoltaic era.  

The Elkem Solar process is a Norwegian answer to the looming challenges in the current energy-

intensive SoG-Si production as an emerging transformal technology operated by REC Solar Norway 

in recent years. In the Elkem Solar process, the metallurgical-grade silicon (MG-Si, purity 99%, 2N) 

produced from submerge arc furnace is further refined to meet the restricted purity requirements of 

SoG-Si through a combination of a series of metallurgical refining techniques including slag refining, 

acid leaching, and directional solidification. 

This thesis was carried out to further investigate the Elkem process by focusing on the acid leaching 

and slag refining techniques to gain more practical and theoretical knowledge about the alloying effect 

on the impurity removal process. 

It was found that the alloying metals significantly affects the silicon microstructure, leaching 

behaviour, impurity segregation, and silicon purification efficiency. Phosphorus segregation and 

removal are significantly improved after alloying process with alkaline earth metals and followed by 

acid leaching. The novel Si-Ca-Mg ternary alloying-leaching system exhibited cleaner and more 

sustainable features than the two binary Si-Ca and Si-Mg systems. Purification efficiency of 

phosphorus and other impurities increases with increasing Ca/Mg mixing ratio but considerably 

decreases with fast cooling due to the suppressed impurity segregation. 

Based on the principle of Gulliver-Scheil solidification and thermodynamic analysis, the effect of 

alloying metal concentration and metal-phosphorus affinity was quantified by establishing the 

phosphorus removal model. The mathematic relationship among the key process parameters such as 

the initial phosphorus concentration, target phosphorus concentration after purification, alloying metal 

concentration, and the alloying-leaching operation times are also derived. Combined with the obtained 

leaching results and phosphorus removal model, the averaged interaction coefficient during the 

solidification process of different metals (Ca, Mg, and Al) on phosphorus were fitted as, respectively 

-19.2, -10.8, and -1.8. 

Boron removal was improved by Sn alloying and La2O3 addition in slag refining. A novel oxygen 

classification method was proposed for the structure analysis of slags containing multiple network 

modifiers, and further revealed the weak charge compensation effect of La cation. A thermodynamic 

model was derived to describe the alloying effect on impurity distribution and further highlights the 

positive interaction coefficient and high alloying concentration are preferred conditions for improved 

impurity removal.  
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Chapter 1 

Introduction  
 
This chapter presents the research background and major challenges for the current solar-grade 

silicon (SoG-Si) feedstock production. It also states the motivation and scope of this research and the 

outline of this thesis. 
 

1.1 Background 

 
Energy is an indispensable condition for modern society and the foundation that supports the 

progress of human civilization. However, worldwide energy development still faces significant 

challenges, as global energy consumption has grown too quickly at the expense of exploiting of fossil 

energy resources on a large scale and increasingly serious global warming effect. It has been reported 

that the industrial activities of human beings have raised the atmospheric carbon dioxide levels from 280 

parts per million to 414 parts per million in the last 150 years and results in global average temperature 

0.85 ºC higher than the pre-industrial times.[1] The increasing global temperature will bring a much 

higher risk of catastrophic changes in the global environment, such as extreme weather and increased 

sea level. Thus, the international community has recognized the urgent need to limit the global warming 

effect and towards a carbon-neutral society in the coming decades. For instance, China has announced 

its national roadmap to achieve the carbon-neutrality before 2060.[2] The goal of net-zero carbon 

emission in the EU-wide by 2050 has been endorsed by the European Council to be set in legislation 

through the first European climate law[3]. In the published Norway’s national Plan in 2019 by the 

Norwegian Ministry of Climate and Environment, the climate target of at least 40 per cent greenhouse 

gas emissions reduction in 2030 compared with 1990 has also been established by law.[4] 

In an age of accelerating global warming and increasing international consensus for climate change 

management, the global energy transformation has been much strengthened to achieve sustainable 

growth in the future. As one of the most alternative renewable energy sources, solar energy has become 

the most popular and fastest-growing renewable energy resource worldwide.[5] Figure 1- 1 presents the 

annual addition of global solar photovoltaic (PV) capacity from 2009-2019[5]. A distinct trend can be 

seen that the solar PV capacity has been continuously increasing in the past decade. As of the end of 

2019, the newly added solar power capacity worldwide was a record number 115 GW, accounting for 

57% of total added renewable power capacity additions, and with a cumulative installed capacity of 627 

GW. With this increasing speed, predictably, the terawatt-scale era of PV is coming in the next couple 

of years. It has also been predicted that solar energy could play a central role in the future global energy 

system and expected to reach a scale 30-70 terawatt by 2050.[6] Since crystalline silicon solar cell is 

still the dominant product in the present solar cell market, accordingly, the strong demand for solar-

grade silicon (SoG-Si) is spreading globally and expanding faster than ever before.  

Nevertheless, the crystalline silicon solar cell technology is still facing looming challenges and 

opportunities from various aspects. To better embrace the coming terawatt PV era, it requires the 

crystalline silicon solar cells to decrease production cost and increase the manufacturing scale 

continuously. It also requires SoG-Si production with more sustainable features and better incorporated 

into the end-of-life solar silicon recycling issue in the future.  
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Figure 1- 1. Solar PV global capacity and annual additions, 2009-2019.[5] 

 

1.2 Solar-grade silicon production 

 
A crucial issue for the SoG-Si feedstock production is to supply crystalline silicon with restricted 

composition requirements (99.9999% purity, 6N). Nowadays, most of the SoG-Si is produced by the 

modified Siemens process and the fluidized bed reactor process. The Siemens process is an energy-

intensive chemical vapor deposition method that involves the distillation of volatile silicon compounds 

and the decomposition process of the gas into silicon. The Siemens process also produces polysilicon 

purer than required up to electronic grade (10N to 11N purity). It is also known as very energy 

demanding and expensive, primarily due to the step of silicon decomposition from trichlorosilane. In 

this step, a large amount of energy is required to keep the rod reactor at around 1100 °C for a long time 

because of the slow decomposition kinetics. Compared to the Siemens process, the fluidized bed reactor 

process consumes much lower energy and produces polysilicon continuously. However, the energy 

reduction is limited, and both methods still face the potentially severe environmental issue as the 

chlorinated gases and silane are inflammable and may leak into the atmosphere [7]. Thus, it is therefore 

with great interest for the PV industry and metallurgists to develop a more sustainable and 

environmentally friendly process for the expanding demand on SoG-Si production. As an evolving 

technique for the alternate SoG-Si production, the metallurgical process has received increasing attention 

due to its low carbon emission and low energy consumption.[8]  

As an emerging and transformational technology for alternate SoG-Si production, the Elkem Solar 

process, which is developed in Norway and now operated by REC Solar Norway, has significantly lower 

energy consumption and lower carbon footprint. The total energy consumption of the Elkem process is 

known significantly reduced from ~170 kWh/kg Si of modified Siemens process and 75-95 kWh/kg of 

fluidized bed reactor process to 30-60 kWh/kg Si, and with the equivalent carbon dioxide emission 10.8 

kg CO2/kg SoG-Si, which is only around one tenth of the other known SoG-Si production routes.[9]  

The industrialized process sequence of the Elkem Solar process is shown in Figure 1- 2. It consists 

of several metallurgical refining techniques known as slag refining, acid leaching, directional 

solidification. In the slag refining process, boron is the target impurity to be removed, and the acid 

leaching process aims to remove another problematic impurity phosphorus. In the directional 

solidification process, the metallic impurities are further separated from fulfilling the restricted SoG-Si 

purity standard. 

Source: Becquerel Institute and IEA PVPS. 
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Figure 1- 2. Process sequence of the Elkem solar process for the SoG-Si feedstock production. 

 

1.3 Motivation and scope 

 

Driven by the formerly stated issues, this thesis was carried out to further study the Elkem process 

by focusing on the acid leaching and slag refining techniques. According to the results from early-stage 

research by the NTNU team in recent years[10–13], Mg has shown attractive features as an impurity 

getter for impurity removal in the acid leaching process. However, the refining mechanisms and 

preferred processing conditions of both alloying and leaching techniques still require further study. This 

work started by investigating the Si-Mg binary alloying-leaching process and was dedicated to further 

understanding the impurity removal mechanism towards enhanced process controllability. Thus, the 

following objectives were pursued: 

• To experimentally investigate the Si-Mg binary alloying-leaching alloy system from the 

perspective of microstructure, phase reactivity, P segregation behaviour, and leaching efficiency. 

• To thermodynamically understanding the alloying effect on P segregation behaviour and the 

relationship with key processing parameters. 

• To comparatively investigate the Mg-based and Ca-based Si alloying-leaching refining process. 

• To design and optimize the current alloying system and to parametrically investigate the 

leaching conditions and leaching kinetics. 

• To experimentally and thermodynamically study the effect of other common impurities on P 

segregation and removal.  

• To evaluate and provide necessary contributions to the study of the alloying effect on impurity 

distribution in slag refining. 

 

1.4 Outline of this thesis 

 

This thesis consists of six chapters. Chapter 1 compromises the general introduction to the research 

background, motivation, and scopes of this thesis. Chapter 2 summarizes the fundamental aspects of 

silicon purification by acid leaching and slag refining, where the literature and the previous research 

achievements are reviewed.  Chapter 3 presents the experimental procedure and research methodology, 

including employed instruments for characterization and software for theoretical calculations. Chapter 

4 summarizes the research work of this thesis with further recommendations. Finally, Chapter 5 presents 

the published or submitted manuscripts. The frame of this work can also be seen in Figure 1- 3. 
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Figure 1- 3. Frame of this thesis. 
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Chapter 2  

Metallurgical refining techniques for silicon - 

A literature review 
 

The metallurgical-grade silicon (MG-Si, purity 98-99%) contains high impurity amounts. As 

presented in Figure 2-1,  a variety of metallurgical methods have been developed and investigated to 

reach the purity for solar-grade silicon feedstock (SoG-Si, purity 99.9999%).  

 
Figure 2-1. Overview of the main Si refining techniques. 

The Si refining techniques can be divided into three categories of according to their different 

features and principles: 

1) Based on impurity segregation between solid and liquid  

a) Acid leaching 

b) Solvent refining 

c) Directional solidification 
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2) Based on the liquid-liquid extraction  

a) Slag refining 

3) Based on the volatile gas species evaporation 

a) Vacuum refining 

b) Gas refining 

c) Plasma refining 

d) Electron beam melting 

 In the following sections, the above metallurgical refining techniques will be reviewed and with 

the focus on acid leaching and slag refining as the applied methods in this research. 

2.1 Acid leaching 

Acid leaching is a commonly used technique for MG-Si purification due to its low cost and easy 

operation advantages. Depending on different purity requirements, it can be used either as the first step 

pre-treatment of raw materials or the main refining step. In the leaching process, impurities segregated 

along the Si grain boundaries, or in other word between the primary Si grains that are formed in 

solidification, dissolve in an acid solution, but the Si does not. Therefore, purified Si particles are 

obtained.  

Since the acid leaching process inherently relies on the impurity segregation behaviour during the 

solidification of molten Si, theoretically, only impurity with low segregation coefficient is able to be 

removed in the acid leaching process and a theoretical limit of impurity removal degree exists. To cope 

with the drawbacks, alloying elements often added into Si to further promote the impurity segregation 

and the leachability of precipitates. Thus, according to the Si materials that acid leached, the acid 

leaching technique can be further classified into direct leaching of MG-Si and leaching of alloyed Si.  

In general, direct leaching of MG-Si works for the removal of metallic impurities due to their strong 

segregation behaviour, but ineffective for the impurities with large segregation coefficient like B and P. 

After alloying with reactive metals like Ca, the leaching extraction of P can be significantly 

improved. Thus, in the Elkem Solar process operated by REC Solar Norway AS, acid leaching is 

employed to refine Ca- alloyed Si that mainly targets the removal of the P impurity and large extent 

metallic impurities. Since the solvent technique is also based on the principle of impurity segregation, 

acid leaching is also a common adopted assistant procedure. For instance, in the Silicor process, acid 

leaching is applied for the separation of solidified Al and Si after the Si-Al solvent refining. Thus, the 

relevant applications for leaching solidified solvent such as Si-Al, Si-Sn, Si-Fe, Si-Cu are also included. 

The overview of the research/applications of the acid leaching technique is briefly presented, as shown 

in Figure 2-2. 
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Figure 2- 2. Timeline about the application/study of acid leaching in Si refining. 

 

2.1.1 Process principles  

 

The principle of the acid leaching technique is based on the impurity segregation behaviour during 

Si solidification. As most of the impurities tend to be rejected by the solidifying Si and pushed away 

from the solidification front to the liquid phase, they are finally enriched along the Si grain boundaries. 

The impurity-containing phase could be further dissolved in an acidic solution, which is inert to Si, and 

the remaining is refined Si with higher purity.  

The segregation coefficient for element i in silicon, 𝑘𝑖, is defined as the ratio of the equilibrium 

concentration of the element in the solid to that in the liquid phase at the solidification front: 

𝑘𝑖 = 𝐶𝑆/𝐶𝐿 (2 − 1) 

where 𝐶𝑆 and 𝐶𝐿 denote the concentration of impurity in solid and in liquid.  

According to the definition, for impurity with segregation coefficient 𝑘𝑖 < 1 , during the 

solidification of molten MG-Si, the impurity tends to gather in the remaining liquid phase and the MG-

Si can be refined. On the contrary, if 𝑘𝑖 > 1, the impurity prefers to remain in the solid phase, and it 

cannot be removed from MG-Si.   

The segregation coefficient for the common impurities in MG-Si are presented in Table 2-1. It can 

be seen that most of metallic elements such as Fe, Al, Ca, Mg, and Ti in Si are with low segregation 

coefficients, which indicates the possibility to be separated in large extent. However, the segregation 

coefficient of B (𝑘𝐵 = 0.8) and P (𝑘𝑃 = 0.35) are much higher.  

Assuming no back diffusion happens into the solid phase from the solidification front, and liquid 

phase remains homogeneous, the distribution of an impurity during Si solidification can be described by 

the Scheil equation: 

𝐶𝑆 = 𝑘𝑖𝐶0(1 − 𝑓𝑆)𝑘𝑖−1 (2 − 2) 

where 𝑓𝑆 is the fraction of the melt solidified, 𝐶𝑆 and 𝐶0 denote the impurity concentration in solid front 

and in the initial melt.  

Applying Equation (2-2), Figure 2- 3 is obtained and it shows the segregation extent of common 

impurity elements in Si as function of solid fraction. Compared to the metallic impurities, it is seen that 

20211920 1960 1970 1980 1990 2000 2010

First research of MG-Si 
acid leaching
Tucker
1927

First patent
Voos
1961

Leaching process 
with Si doped by 

Ca

Elkem a/s
1984 Leaching of Si-Fe 
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Alloying Mg and Ca on 
MG-Si

4wt% doping -> 80% P removal

Si-Al solvent refining

Gumaste et.al 1987

Yoshikawa and Morita since 2003

Silicor process

Hunt et.al 1975

Dietl 1983

Margarido 
et.al

1994

Ca alloying

Sakata et.al 2003

Shimpo et.al 2004

F. He et. al 2012

Meteleva-Fischer et.al 2013

NTNU since 2016

Multiple component alloying

Si-Al/ Sn/ Cu/ Fe and their mixing
X. Ma et.al 2013, 2015

L. Huang et. al 2016

L. Khajavi et. al. 2014 

Doping with minor (Ti, Zr, Ca etc.)
Yoshikawa et.al 2005

Y. Lei et.al 2017

Ren and Morita 2019

…

Parametric study 
of MG-Si leaching
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the segregation effect of B and P is weak. Particularly, B concentration almost remains unchanged during 

the whole solidification range. As shown in Figure 2- 4, the atom probe tomography reveals that B 

distributes sporadically and randomly in both fine and coarse MG-Si particles. Thus, in general, B 

separation is hardly achieved via acid leaching of MG-Si, while the separation of P requires the addition 

of specific alloying element to further enhance its segregation in Si. Owing to the low segregation 

coefficient, it can be seen that metallic impurities exhibit strong tendency to be rejected to the remaining 

liquid phase as their concentration in solidified Si is much lower than their initial. Consequently, the 

impurity concentration in the remaining liquid phase soars, especially at the final stage of solidification, 

and binary, ternary, or more complicated precipitates are formed, as presented in the Figure 2- 5. 

Table 2- 1. Segregation coefficient of impurities in silicon [14]  
Impurity Segregation 

coefficient 

Impurity Segregation 

coefficient 

B 0.80 Fe 6.4 × 10−6 

P 0.35 Ti 2.0 × 10−6 

C 5.0 × 10−2 Cu 8.0 × 10−4 

Al 2.8 × 10−3 Mg 3.2 × 10−6 

Li 1.0 × 10−2 S 1.0 × 10−5 

Ag 1.0 × 10−6 As 3.0 × 10−1 

Au 2.5 × 10−5 Sb 2.3 × 10−2 

Ni 1.0 × 10−4 Zn 1.0 × 10−5 

Ca 8.0 × 10−3 Bi 7.0 × 10−4 

Mn 4.5 × 10−3 Cr 1.1 × 10−5 

 

 

Figure 2- 3. Segregation extent of common impurity elements during Si solidification as function of 

solid fraction calculated using the data in Table 2-1. 
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Figure 2- 4. Atom probe tomography of B and Si distribution in coarse and fine MG-Si particles.[15] 

 

 
Figure 2- 5. EPMA elemental mapping results of the distribution of typical precipitated phase in MG-

Si.[16] 

Since the impurity enriched precipitates are generally around the Si grains, if the solidified Si is 

pulverized to a particle size equivalent to the size of the polycrystalline grains, a major portion of the 

metallic impurities will be able to be exposed to the surface. As shown in Figure 2- 6, the exposed 

impurity phase could be further dissolved in the leaching process by acids, and thus, the Si remains 

unreacted and recovered. 
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Figure 2- 6. Precipitates of MG-Si after leaching in HF.[16] 

Compared with other refining techniques, acid leaching technique has the following advantages: 

1. Good efficiency for impurity removal. Acid leaching is efficient for the separation of a wide 

number of impurities. Additionally, the addition of a refiner metal into Si further improves the 

segregation of impurities, especially of P, which makes the technique more practical and 

efficient.  

2. Low energy consumption. Compared to the conventional pyrometallurgical refining process, 

hydrometallurgical leaching process requires much lower energy input.  

3. Easy operation. The leaching process takes place at low temperature and without complicated 

equipment. 

However, it is worth mentioning that even though the acid leaching process possesses the above 

advantages, the leaching treatment removes only impurities that appear as free separate phases exposed 

to acids. Impurities in Si solid solution or impurity phases trapped inside the silicon grains are still 

difficult to be separated. Additionally, the theoretically obtainable final purity is determined by the 

impurity segregation effect during solidification. Thus, the theoretical purification limit is determined 

by the solidification process and may not be reached because of incomplete leaching. From this 

perspective, only the leaching of MG-Si could be regarded as a typical hydrometallurgical process while 

the leaching of alloyed Si with a refiner metal should be considered more as a thermal metallurgical 

process, and the followed leaching process is only used for the final removal of the formed impurity 

gathering phases. Based on this fact, the terminology “alloying-leaching” is adopted in this work and 

refers to the Si purification process starts from alloying of MG-Si with a refiner metal, followed by 

solidification and acid leaching.  

 

2.1.2 Leaching of MG-Si 

 
The leaching procedure of MG-Si is shown in Figure 2- 7. As impurities segregate as fine 

precipitates during the solidification process, the solidified MG-Si is firstly crushed by a milling machine 

and further sieved by target particle size. After that, the pulverized MG-Si is charged into a container 

mixed with leaching acids. The leaching process performs under specific conditions and completes after 

the leaching reaction is over. Finally, the leached Si is cleaned till neutral, and the purified Si is obtained.  
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Figure 2- 7. The procedure of MG-Si acid leaching. 

Acid leaching for Si purification has been studied over decades, the experimental conditions and 

main results for MG-Si leaching are summarized in Table 2-2. The first reported research was performed 

by Tucker [17] in 1927, it was pointed out that acid leaching of pulverized MG-Si is a viable purification 

method to purify Si with purity 93-98wt% to 99.94wt% with a successive acid treatments of aqua regia, 

hydrofluoric and sulphuric acids. Afterwards, a number of investigations for MG-Si leaching were 

conducted in order to determine the optimal hydrometallurgical condition[18–21]. 

Voos[22] patented an acid leaching process to purify crude Si to purity as high as 99.99%. In the 

claimed process, the crude MG-Si is firstly ground to fine powders passes through a screen of 0.075 mm, 

and then digested by finely dispersed dilute acid (HCl or H2SO4 or both) to form a paste. The pasty mass 

is then leached by acids with HF addition and finally subjected to heap leaching for at least one day or 

longer time. 

Hunt et al.[18] found out the proper process window to remove more than 90% of the impurities of  

MG-Si leaching is to use silicon particles smaller than 0.05 mm at 75℃ aqua regia acids for 12 hours.  

In the attempt to upgrade crude Si to a solar-grade quality, Dietl [19] studied the effect of leaching 

conditions such as acid concentration, leaching time, temperature, and particle size of the milled MG-Si. 

It was found that the mixture of 2.5% HCl with 2.5 % HF is the optimal combination while increasing 

HF concentration abnormally led the decreases of Ca, Al impurity removal. The reason assumed to be 

related to the formation of some insoluble fluorides with higher HF concentration. The impurity removal 

efficiency was found to increase with increasing leaching temperature and decreasing particle size.  The 

metallic impurities can be eliminated down to the order of several ppmw levels, but the removal of B 

and P is found ineffective. 

Chu and Chu studied the effectiveness of different acid combinations for pulverized MG-Si, 

including HCl, aqua regia, and the mixture of H2SO4 and HNO3. It was found that major portion of 

metallic impurities could be removed and aqua regia exhibits the highest effectiveness followed by 

equivolume mixture of H2SO4 and HNO3, while HCl is the least, especially for the Fe removal.  

HF was further found much more efficient than aqua regia from the leaching test performed by 

Juneja et al. [23]. In their work, 99.95 % purity Si was obtained by HF leaching at 50 °C for 4 h with a 

particle size from 150 μm.  

Similarly, in the work by Santos et al.[20], significant improvement of Fe and Ti impurity removal 

was achieved by HF leaching. The reason is found due to Si-Fe and Si-Fe-Ti precipitates in solidified 

MG-Si are insoluble in the solution of HCl, H2SO4, HNO3 or their mixtures, but can be readily dissolved 
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and removed by HF. However, differ with previous research [21,22], it was also found that leaching with 

HCl alone is possible to remove c.a. 85% of the impurities from pulverized MG-Si. The reason is 

assumed owing to the different types of MG-Si that contains different types of precipitates with different 

reactivity. After a large number of leaching trails, the optimal leaching particle size was found as 116 

μm, and a two-stage leaching using 16% HCl and 2.5% HCl-2.5% HF was achieved the best purification 

results.  

Anglezio et al.[24,25] characterized the intermetallic compounds of a MG-Si containing 0.31 wt% 

Fe, 0.18 wt% Al, 0.22 wt% Ca, and 0.044 wt% Ti. The impurities were found distributed in complex 

precipitates in MG-Si and observed as CaSi2, CaAl2Si2, CaAl6Fe4Si8, FeSi2.4, and TiFeSi2. A Si-Fe-Al-

Ca quaternary phase diagram was established by Margaria et al.[26] to understand the behaviour of 

impurity precipitation in MG-Si solidification. Margarido et al.[27,28] determined the reactivity of 

different precipitates of an industrial Si alloy,  in the leaching process. For example, the leaching 

removing ability by the hydrochloric acid can be regarded as the following sequence: 

CaSi2, CaAl2Si2 > Fe-Al-Si-Ca > Al-Fe-Si >> FeSi2 

However, in the aqua regia, the reactivity sequence becomes: 

Si-Al-Ca, Si-Al-Fe-Ca > CaSi2 >> Si-Fe, Si-Ti-Fe, Si-V-Ti, Si-Ca-Ni 

Recently, Kim et al. investigated the leaching of pulverized MG-Si with acetic acid (CH3COOH) 

addition, they found that the acid combination HNO3+ HF+ CH3COOH (2:1:2) at room temperature for 

25 h leaching successfully purified Si to 99.99% purity with 99.92% and 99.98% removal for Fe and Al 

impurities. Similarly,  in the research of Lu et al. [29], the addition of CH3COOH into HCl+HF  also led 

to better impurity removal, especially in the Fe, Mn, V, Cr, Cu, and Ti impurities.  

Other than modifying the acid combination, it is also reported that impurity extraction by leaching 

also significantly improved by the leaching of slag treated MG-Si.[16,30–32] The main reason is owing 

the composition change that minor Ca diffused from slag into Si so that the secondary precipitated phases 

are reconstructed to more leachable phases. The further mechanism will be introduced and discussed in 

the following section for the alloying-leaching method. 

In recent years, the metal assist chemical etching method[33,34], which is widely used for the 

production of porous Si and Si nanowires, is also reported with better impurity removal than 

conventional leaching. The method depends on the in-depth penetration of metal catalysts (e.g., Ag, Cu 

etc.) and in association with the cracking of Si particles, however, even though the etching of Si increases 

the possibility of the exposure of more impurity phases, on the contrary, the Si yield could be greatly 

reduced in return. 

In summary, the leaching of MG-Si has been widely investigated to improve the leaching efficiency. 

A variety of factors play important role in the impurity extraction such as leaching temperature, leaching 

time, MG-Si particle size, stirring method, and acid combination. Since the metallic impurities often 

form fine precipitates, MG-Si is therefore required to be pulverized to expose enough impurity phase to 

the acid solution. In addition, as the transition metal silicide like FeSi2.4, TiSi2 are chemically inert, and 

cannot be attacked by a number of common acids including HCl, H2SO4, HNO3, HClO4, but only readily 

reacts with HF. Thus, high leaching efficiency could be only reached through the acid leaching with HF 

addition. However, the introduction of HF into Si purification unavoidably reduces the Si yield and may 

also increase the potential operation safety issue. However, it also worth to mention that since the 

principle of acid leaching is based on the impurity segregation behaviour during solidification, direct 

leaching of MG-Si is inherently limited for the non-metallic impurities like B and P, which are more 

evenly distributed in MG-Si due to their relatively low segregation upon solidification.  
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Table 2- 2. Summary of hydrometallurgical purification investigations on MG-Si. 

Authors Si source Leaching agents Particle 

size (μm) 

Temperature & 

Time period 

Impurities removal 

Voos 

[22](1961) 

MG-Si 

Si (>99.5%) 

HCl, H
2
SO

4
, HCl+HF <75 70-80 °C 

>24 h 

Best purity ~99.994% 

Hunt et 

al.[18] 

(1976) 

MG-Si  <50 75 °C- 12 h >90% 

Dietl 

[19] 

(1983) 

MG-Si 

Si (~99.0%) 

Fe (0.35-0.50%), 

Al (0.16-0.25%), 

Ca (0.05-0.27%) 

HCl (2.5%) +HF 

(0.5-5%) 

10-140 20 °C-16 h 

80 °C-2 h 

Fe:1800->5 ppm 

Al:1500->20 ppm 

Ca: 1450-> 4 ppm 

Mg: 45->0.5 ppm 

Ti: 250->0.2 ppm 

Chu and 

Chu[21] 

(1983) 

MG-Si 

Si (~99.5%), 

Fe (0.35%), 

Al (0.15%) 

Aqua regia, HCl, 

H
2
SO

4
+HNO

3
 

- 96-400 h Al: 320 ppm 

Fe: 350 ppm 

Norman et 

al.[35] 

(1985) 

MG-Si 

Si (~98%), 

Fe (0.84%), 

Al (0.48%), 

Ca (0.085%) 

Stage 1:Aqua regia 

Stage 2: HF 

Stage 3: HCl 

<150 Stage 1: 

80 °C - 2 h 

Stage 2: 

80 °C - 1 h 

Stage 3: 

25 °C - 2 h 

Fe: 8400-> 200 ppmw 

Al: 4800-> 170 ppmw 

Ca: 850-> 40 ppmw 

Juneja et 

al.[23] 

(1986) 

MG-Si 

Si (~98%), 

B (35 ppmw) 

Fe (1.0%), 

Al (0.25%), 

Ca (1.2%) 

Aqua regia, HF 150-400 50 °C-4 h B: 35-> 20 ppmw 

Fe: 10000-> 60 ppmw 

Al: 2500->100 ppmw 

Ca: 12000 -> 5 ppmw 

Ti: 210 -> 25 ppmw 

Santos et 

al.[20] 

(1990) 

MG-Si 

Si (~98%), 

Fe (0.31%), 

Al (0.77%), 

Ca (0.09%) 

HNO
3
, H2SO

4
, 

HCl (16%), HF 

(2.5%), 

HCl (2.5%)+ HF 

(2.5%) 

30-126 20,50,80 °C 

2-18 h 

Fe: 3100 -> 130 ppmw 

Al: 7700 -> 820 ppmw 

Ca: 900 ->24 ppmw 

X. Ma et 

al.[36] 

(2009) 

MG-Si 

Si (~99.0%), 

Fe (0.23%), 

Al (0.27%), 

Ca (0.058%) 

HCl, HF, HNO
3

 4000-5000 

2000-3000 

500-1000 

<100 

50 °C-8 h Fe: 2340->14.6 ppmw 

Al: 2710->461.4 ppmw 

Ca: 576-> 3.6 ppmw 

Total: 5851-> 504.0 

ppmw 

Metele- 

va-Fischer 

et al.[31] 

(2012) 

Slag treated 

MG-Si 

HCl+HF <100 - P: 16 ppm (82.1% re- 

moval) 

Al: 46 ppm (94.9% 

removal) 

Ca: 132 ppm (97.9% 

removal) 
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M. Fang et 

al.[16] 

(2013) 

MG-Si, 

Slag treated 

MG-Si 

HCl, HF, HCl+HF 

(H+: 2 mol/L) 

<300 25 °C - 4 h B: 24-> 20 ppmw 

P: 39-> 30 ppmw 

Fe: 240-> 50 ppmw 

Al: 753-> 65 ppmw 

Ca: 286->35 ppmw 

M. Fang et 

al.[30] 

(2014) 

Slag treated 

MG-Si 

HCl (0.5-8 mol/L) 150-300 

100-150 

50-100 

<50 

20-80 °C 

0-8 h 

Fe: 96.3% removal 

Al: 93% removal 

Ca: 98.1% removal 

L. Huang 

et al.[37] 

(2016) 

Slag treated 

MG-Si 

HCl (5M) <149 25 °C-12 h P: 23.94-> 20.73 ppmw 

Total: 4617.8-> 1665.9 

ppmw 

J. Kim 

et al. 

[38] 

(2015) 

MG-Si 

Si (~99.5%), 

Fe (0.13%), 

Al (0.09%) 

HNO
3
+HF+ 

CH
3
COOH 

610-710 25 °C-25 h Fe: 99.92% removal 

Al: 99.98% removal 

H. Lai et 

al.[39] 

(2016) 

MG-Si 

Si (~99.74%), 

Fe (0.14%), 

Al (0.04%) 

HF, HF+H
2
O

2
, 75-154 25 °C - 90 °C 

4 h 

B: 8.6-> 3.0 ppmw 

P: 35-> 25.6 ppmw 

Fe: 1424-> 34.1 ppmw 

Al: 394-> 54.9 ppmw 

Ca: 39-> 5.2 ppmw 

Si purity: 99.74%-> 

99.99% 

Guan et 

al.[33] 

(2016) 

MG-Si HF+ 
Cu(NO

3
)2+H

3
PO

3 

HF+Cu(NO3)2+H2O2 
both with 6-10mL 

ethanol 

- - from 97.94% --> 99.5% 

H. Lu et 

al.[29] 

(2017) 

MG-Si 

Si (~99.5%), 

Fe (0.42%), 

Al (0.12%), 

Ca (0.028%) 

HCl+HF+CH
3
COOH 91 75 °C- 6 h Fe: 4190-> 351 ppmw 

Al: 1230-> 375 ppmw 

Ca: 283-> 33 ppmw 

Total: 6879 -> 795 

ppmw (88.44%) 

H. Lu et 

al.[32] 

(2017) 

MG-Si, 

Slag treated 

MG-Si 

HCl (4M), 

HCl (4M)+HF (1M), 

HNO
3 
(4M), 

HNO
3 
(4M)+HF 

(1M), 

Aqua regia 

250-1000, 

150-250, 

106-150, 

75-106, 

<75 

65 °C- (2-8) h Fe: 4225-> 363 ppmw 

Al: 6223-> 435 ppmw 

Ca: 12291-> 112 ppmw 

F. Xi 

et al. 

[34] 

(2018) 

MG-Si 

Si (~99.55), 

Fe (0.24%), 

Al (0.04%), 

Ca (0.08%) 

Stage 1: HF 

Stage 2: HF+AgNO
3
 

Stage 3: HF+ 

AgNO
3
+H

2
O

2
 

75-150 Stage 1: 

25 °C - 2 h 

Stage 2: 

25 °C - 1 min 

Stage 3: 

25 °C - 2 h 

Fe: 2395.0-> 22.3 ppmw 

Al: 418.0-> 13.5 ppmw 

Ca: 810.0-> 40.6 ppmw 

Si purity: 99.95%-> 

99.99% 
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2.1.3 Leaching of alloyed Si 

 

As direct leaching of MG-Si only works for the removal of metallic impurities, Si is often alloyed 

with a reactive metal refiner to further promote impurity segregation behaviour, especially for the 

improvement of P segregation. The typical procedure is presented in Figure 2- 8. 

The benefits of Si alloying are distinct, firstly, the former phases transition metal impurity with poor 

reactivity can be reconstructed to easily leachable phase; secondly, the addition of metal refiner attracts 

impurity together and enhances the impurity extraction efficiency, especially for the enhanced P removal; 

thirdly, the precipitates in MG-Si could only sporadically distributed due to their minor amount, and 

thus, pulverized MG-Si is required. However, with the introduction of new alloying metal, larger 

precipitates could form, and the Si loss during the pulverization process is reduced. 

 
 

Figure 2- 8. The procedure of MG-Si acid leaching 

 

According to the impurity removal principle and the features of leaching process, the ideal alloying 

element candidate to add to silicon should follow the criteria below:  

1. Strong affinity with impurities. The metal refiner is required to have strong affinity with 

impurities in Si, so that the segregation effect could be enhanced.  

2. Limited solubility in Si. The refiner metal should have low solubility in Si otherwise new 

impurity would be introduced. 

3. Formation of leachable phase. The addition of a refiner metal must lead to the formation of a 

leachable secondary phase, which can be dissolved and easily washed away in the following 

leaching procedure.  

4. Environmentally friendly leaching process. All materials should be non-toxic, and the alloying-

leaching process should not produce hazardous by-products. 

5. High Si recovery. The metal refiner usually consumes Si to form silicide, the Si loss should be 

limited.  

6. High economic effectiveness. The alloying metal candidate should be commonly used and the 

addition amount should not be high.  
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In short, the alloying-leaching approach is an efficient method that significantly improves the 

purification performance of MG-Si. The selection of refiner metal, solidification conditions, and 

leaching conditions all possibly affect the efficiency of impurity removal. The reported alloying-leaching 

process is summarized and listed in Table 2- 3. In the following section, the alloying-leaching approach 

for Si purification is discussed. 
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2.1.3.1 Binary Si-Ca system 

 

The Si-Ca alloying-leaching system is one of the most studied systems for Si purification studied 

by many researchers[31,40,42,46,47,61] . For the first time, Schei[40] reported improved P removal 

degree after alloying with a few percent Ca that was followed by a after a two-step acid treatment. 

Firstly, the initial Si-Ca alloy lumps around 5 cm in size was leached in the aqueous solution of HCl 

and FeCl3, the lumps were found automatically disintegrated to fine particles around 2 mm, and 

subsequently, the particles were further purified by a second leaching step with aqueous HF+HNO3 to 

further remove the metallic impurities such as Fe, Ti, V and so on. 

By examining the microstructure of Ca alloyed Si, as shown in Figure 2- 99 by Schei, it was 

observed that CaSi2 precipitates with network structure along the primary Si grains and also contain 

some other impurity phase. The inherent principle of the phase formation can be better understood 

from the pseudo ternary phase diagrams of the and Si-Ca-El (Figure 2- 10), which further describes 

the redistribution of impurities during equilibrium solidification. It is assumed that a molten Si-Ca 

alloy with composition at point A, Ca and small amounts of a third element El is cooled. Since the 

composition lies in the field of Si-rich portion, primary Si firstly precipitates. As the amount of primary 

Si increases, Ca and other impurities keep enriching in the liquid due to their high segregation, and the 

composition of the melt changes along the solidification path till the eutectic point (Eut). At Eut, the 

CaSi2 phase starts to precipitate eutectically together with the Si phase, while followed by the 

precipitation of other impurities. Thus, most of impurities finally segregated together and the observed 

microstructure forms. 

 
Figure 2- 9. Microstructure of Ca alloyed Si and identified phases. [40] 
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Figure 2- 10. Hypothetical ternary phase diagram Ca-Si-El, where El is an element represents 

impurity, e.g. Fe, Al, Ti. Reproduced from Schei [26]. 

In the leaching process, it is also reported by Schei that the CaSi2 phase readily dissolves in HCl 

solution in association with a “cracking effect” due to the swelling of CaSi2 and is accompany with 

the formation of a yellow by-product named siloxane (Si6H3(OH)3). The reaction can be simply 

described by the following formula: 

3CaSi2 + 6HCl + 3H2O = Si6H6O3(s) + 3CaCl2 + 3H2(g) (2 − 3) 

The leaching purification results are also listed in Table 2- 4 and Table 2- 5 where significant 

metallic impurity removal and P removal can be seen. 

Table 2- 4. Leaching results for major metallic impurities removal.[40] 

Stage 
Impurities, ppmw 

Fe Al Ca 

Before leaching 3600 3700 29000 

After leaching 17 150 200 

 

Table 2- 5. Leaching results for B and P content (ppma).[40] 

Sample Element Before leaching 
After leaching 

Measured Calculated 

A 

B 

1.8 1.8 1.7 

B 2.6 3.1 2.5 

C 2.0 2.0 1.9 

D 2.1 1.5 2.0 

E 2.0 2.0 1.9 

F 2.4 2.5 2.3 

Mean 2.15 2.15 2.04 

A 

P 

4.2 0.5 2.7 

B 2.7 1.3 1.8 

C 2.5 1.3 1.6 

D 4.2 0.9 2.7 

E 4.2 2.0 2.7 

F 9.3 4.5 6.0 

Mean 4.52 1.75 2.94 

 

Shimpo et al. [42] studied the interaction between Ca and P in molten Si, the interaction coefficient 

ℇCa in Si
P  was determined as -14.6(±1.7) at 1723K, which indicates the strong attraction between Ca 

and P. Additionally, in the Si-Ca master alloy with 3wt% P addition,  precipitate containing P was also 
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observed around some holes between CaSi2 and Si phase by EPMA, while the X-ray diffraction 

analysis suggests most of the precipitated phosphide was Ca3P2 but got lost during the sample 

preparation with water. 

In the acid leaching experiments by Shimpo et al. [42] , Si-Ca alloy granules were leached by aqua 

regia at 95 ℃ for 1 h. It was also found that Ca addition led to a remarkable improvement of P removal 

that as much as 80% of P can be removed by alloying Si with 5.17 wt% Ca.  

 

 
Figure 2- 11. Microstructural observation around the CaSi2 precipitate (a) SEM image, (b) EPMA 

line analysis. 

The Si-Ca alloying-leaching process was also studied by Meteleva-Fischer et al.[44,45]. In their 

work, 3-10 wt% Ca was doped into MG-Si contains around 85 ppmw P. Samples were melted in 

alumina crucible with varying cooling rate from 0.01 to 11 K/min. It was found that the cooling rate 

of 1 K/min is the optimal as significant amount of Ca was found lost through evaporation at a cooling 

rate lower than 1 K/min, but higher cooling rates limits the impurity segregation. Further leached in 

acid mixtures of HCl and HF, while it was found HF exhibits higher leaching efficiency. However, it 

was reported that with 5-6 wt% Ca addition, the P removal degree was only in the range 20-40%. It 

worth mentioning that the using of alumina crucible may lead to heavy Al contamination and consumes 

large extent of alloyed Ca element, which is harmful to the P removal efficiency.  

Similarly, the application of alumina crucible as Si-Ca alloy holder were also reported by Lai et 

al. [47] and Johnston and Barati[46]. Nevertheless, significant P removal enhancement was still found 

after Ca alloying. For instance, Lai et al. reported that P content was significantly reduced from 35 

ppmw to 5 ppmw after 5wt% Ca alloying followed by HCl+HF leaching. In addition to this, almost 

essentially complete P removal was reported by Johnston and Barati with the alloying-leaching.  

Above all, the conventionally problematic P removal by direct acid leaching of MG-Si can be 

considerably improved after Ca addition. The formed CaSi2 phase also contains other impurity phase 

and shows fast leaching kinetics, but, however, in the practical operation, attentions should also be 

paid to the Si loss caused by cracked fine particles and the treatment of solid by-product. As mentioned 

by Meteleva-Fischer et al.[45], the fine powder of siloxane was difficult to separate from leached Si, 

and may also affect the final purity control. Moreover, scientifically, the P state in Si-Ca alloy remains 

uncertainty, especially when its concentration is at several ppm-level. 
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2.1.3.2 Binary Si-Mg system 

 

As another alkaline earth metal, Mg is also a suitable candidate for the alloying-leaching process. 

It is known with low segregation coefficient in Si, and with strong potential to from the stable 

phosphide Mg3P2. Recently, Mg was employed as metal refiner to enhance impurities removal from 

MG-Si firstly by Safarian and Tranell[10] and further studied at NTNU [12,13,62]. Remarkable 

improvement of P removal was achieved in association with effective removal of other metallic 

impurities like Al, Mn, Ca, Fe, Ti etc. by the Si-Mg alloying-leaching system. 

The Si-Mg binary phase diagram is shown in  Figure 2- 12, Mg2Si is the only intermetallic and 

precipitates through the eutectic reaction with the eutectic point at 57.31 at% Si. Additionally, the 

impurity segregation process during solidification can be also described. Firstly, primary Si firstly 

starts to precipitate at temperature around 1400 ℃, while Mg and other impurities keep being rejected 

by the solidifying and growing Si into the liquid phase, and at around 930 ℃, the eutectic reaction 

L→Si+Mg2Si happens, where the Mg2Si phase finally forms along the primary Si grains.  

 
Figure 2- 12. Binary phase diagram of Si-Mg and the solidification process of Mg alloyed Si. 

Figure 2- 13 shows the typical microstructure of MG-Si alloyed by Mg. It can be seen that large 

amount of continuous Mg2Si phase formed between the primary Si grains through the eutectic reaction, 

and a series of different metallic silicides also formed and located inside the Mg2Si phase such as Si-

Fe-Al, Si-Fe-Ti, and Si-Fe-Al-Ca, which benefits their removal in the leaching process. 

The leaching process of Mg alloyed Si is mainly dependent on the dissolution of Mg2Si in acidic 

solution. The leaching efficiency is affected by variety of factors like acid types and concentration, 

leaching time, Mg alloying amount, leaching temperature, particle size and so on. 

Effect of acid types and concentration on leaching efficiency was reported by Safarian and 

Espelien[13]. Compared to H2SO4 and HNO3, HCl was found more effective especially with the 

concentration around 10-15%. In HCl aqueous solution, Mg2Si reacts readily and yields the formation 

of silane but with no solid by-products generation. It should be also mentioned that the formed silane 

gas may further combust in exposure to air at the solution surface. The main reaction of Si-Mg alloy 

leaching is briefly written as:  

Mg2Si + 4HCl → 2MgCl2 + SiH4(g) (2 − 4) 

To study the precipitated phases removal with different leaching time, etching experiments were 

performed by submerging Si-Mg metallographic samples into HCl solution[10], as shown in Figure 2- 

14. It was observed that after etching for a short time, large amount of impurities is efficiently removed 

(1)

(2)

(3)

(4)

(5)

1414°C

Si-Mg 

Primary Si grains nucleate and start to grow

Mg and other Impurities rejected by growing Si grain 

and stay in liquid

Just above 930°C, liquid composition closes to 

Mg2Si eutectic point

Final liquid phase solidifies in-between primary Si 

grains with a eutectic structure (Si+ Mg2Si)
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by the dissolution especially of the Mg2Si phase. As time goes on, the removing kinetics goes down 

in the deeper part of the grain boundaries. Consequently, little impurity phase remained after etching. 

Since Si does not react with the acid so it remains and purified. 

The effect of Mg alloying concentration on purification efficiency has been also studied[10] and 

shown in Figure 2- 15. It is seen that the P removal degree and the removal of other metallic impurities 

significantly improved after Mg alloying and increases with increasing Mg addition. With around 3wt% 

Mg addition, almost 70% P can be effectively removed, which also indicates the strongly improved P 

segregation after Mg alloying. With higher Mg alloying amount, even though the amount of enriched 

impurities in the leachable Mg2Si phase increases, but, however, it should be also noted that higher 

Mg alloying also leads to higher Si loss so that reduces the Si yield. 

As a novel metal refiner, Mg has shown promising features to improve the P segregation and 

removal in the alloying-leaching process. Additionally, compared to the leaching of Si-Ca alloy, no 

solid by-product forms during the Si-Mg alloy leaching. However, as a recent studied alloying-

leaching system, further investigation and knowledge are still required, especially through the 

thermodynamic aspects of the process. 
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Figure 2- 13. SEM and EDS images of MG-Si doped by 5wt% Mg. 
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Figure 2- 14. SE and BSE images of 2.1wt% Mg metallographic sample submerged in HCl solution 

for different durations.[10] 

 

 
Figure 2- 15. Effect of Mg alloying concentration on impurity removal by 10%HCl solution (a) P 

content variation, (b) impurity removal degree. Figure reproduced from [10]. 

 

2.1.3.3 Other systems 

Apart from Ca and Mg, other metals were also employed as impurity getters for the alloying-

leaching process for different purposes, such as Fe, Ti, Hf, Zr, and rare earth elements. 

Fe is a considerably inexpensive metal and with significantly low solid solubility in Si. Thus, it 

has been widely employed in both solvent refining and alloying-leaching process. Esfahani and 
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Barati[50,51] studied the purification of MG-Si using Fe as impurity getter, and it was found that 

slower cooling benefits impurity segregation, and sample quenched above eutectic temperature is 

significantly better than sample quenched lower than the eutectic temperature. The thermodynamics 

of B and P during the solidification of a Si-20wt% Fe alloy was thoroughly studied by Khajavi et 

al.[52–54] , while large negative interaction coefficient of B and P on Fe in solid Si were obtained in 

association with high B and P removal degree after leaching by a mixture of HF and acetic acid. The 

leaching behaviour of Si-Fe alloy was comprehensively studied by Margarido et al. [27,28,49]. They 

investigated the leaching process of an industrial Si-Fe alloy using HCl with FeCl3 addition. The 

leaching efficiency was dependent on the composition of the phases and the Ca-bearing phases are 

soluble and with higher reactivity. The impurity removal kinetics were determined as Ca>Al>Fe. 

Additionally, it was found that the Si-Fe alloy cracks itself during the leaching and can be described a 

cracking shrinking model under the chemical reaction control[49]. 

Ti is known with strong affinity to B and the formation of TiB2, thus, it is also often studied as an 

impurity getter in the alloying-leaching process. Johnston and Barati [46] studied the B removal from 

MG-Si with 1-5wt% Ti addition. After leaching with diluted aqua regia and H2SO4, it was found that 

55% B removal achieved with 5wt% Ti addition. Recently, Sakiani et al.[56] investigated the B and P 

removal from Si-Ti and Si-Ti-Fe alloying systems with a two-step leaching process (10%HF+ 

10%HCl+ 20% acetic acid leaching followed by leaching with diluted aqua regia). After the addition 

of 5-20wt% Ti, 65-75% P removal and 39-80% B removal was achieved owing to the formation of 

Ti5P3.16 and TiB2. The Fe addition further improved B removal but shows no effects on P. 

From the same group of the periodic table with Ti, Zr and Hf were also employed as impurity 

getter in the alloying-leaching process[57,63]. It was also reported that a significant improvement of 

B and P removal is achieved after leaching with HCl and HF. Additionally, improved P segregation 

was also reported from the application of rare earth elements use in the alloying-leaching process. 

However, it worth mention that the metals listed above exhibit more scientific value than practical as 

they are all expensive to be used in the current industrial production unless the economic recycling of 

the alloying elements could be established.  

 

2.1.4 Effect of leaching conditions on Si purification 

 

The purification of solidified Si by acid leaching can be expressed as a function of particle size, 

leaching temperature, leaching time and concentration and combination of leaching agents. However, 

results may also differ from different researchers as the type and composition of Si varies. The common 

selected leaching agent for Si purification are mainly acids, including sulphuric acid (H2SO4), 

hydrochloric acid (HCl), hydrofluoric acid (HF), aqua regia (HCl-HNO3), acetic acid and so on.  

 

2.1.4.1 Effect of leaching agent  

 

Many researchers studied the effect of different acids and their mixtures at different temperatures 

and fractions of crushed Si on leaching process. For example, Santos et al. [20] found that by using 

only HCl (16%, 5 h, 80 °C) it is possible to remove ~ 85 % of the impurities and to obtain 99.9 % pure 
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Si after further leaching with HF (2.5 %, 2 h, 80°C). All the other acids and their mixtures, including 

aqua regia, gave results poorer than those for hydrochloric acid. 

 Voos[22] patented a process for treating pulverized MG-Si with aqua regia, H2SO4, HF, etc., to 

yield silicon suitable for application in microwave diodes. Hunt et al.[18] reported that over 90 % of 

the impurities present in MG-Si could be removed by etching MG-Si particles smaller than 500 μm 

size with aqua regia for 12 h at 75 °C. Leaching MG-Si with aqua regia for long periods was found to 

be the most effective. Dilute HCl with FeCl3 addition followed by dilute HF with some oxidizing agent 

are used in Elkem Solar process [64]. 

Margarido [27,28] studied the leaching kinetics of Si-Fe alloy. The proposed that during the 

leaching process by HCl and FeCl3 solutions, the following chemical reactions may happen: 

Si(xFe, yAl, zCa)(s) + (2x + 3y + 2z)HCl(aq) → Si(s) + xFeCl2(aq) + yAlCl3(aq) + zCaCl2(aq) +
(2x+3y+2z)

2
H2(g)                                                                                                                                             (2 − 5) 

         

Si(xFe, yAl, zCa)(s) + (2x + 3y + 2z)FeCl3 (aq) → Si(s) + x(3x + 3y + 2z) + yAlCl3(aq) +

zCaCl2(aq) +
(2x+3y+2z)

2
H2(g)                                                                                                                     (2 − 6) 

       

Their experimental results indicated that the leaching process was dominated by the chemical 

reactions that large scale cracking happens on the particle surface when the Si-Fe alloy attacked by 

acids. As a result, more new generated micro-particles react further with the leaching agent. 

Haifei et al. [29] investigated the effect of acetic acid addition on the leaching behaviour of MG-

Si with a conventional mixture of HCl and HF. The leaching effect can be seen from Figure 2- 16. It 

was found that the extraction yield of impurities by the HCl-HF-CH3COOH leaching increased by 7% 

compared to the conventional HCl-HF leaching where the total impurities drop from 6879 ppmw to 

795 ppmw. 

 
Figure 2- 16. Effect of MG-Si leaching with acids mixture of HCl-HNO3-CH3COOH (2:2:1), 

microstructure before leaching (left) after leaching (right).[29] 

Even though HF has been reported to have very good purification ability for metallic impurities 

removal, but a portion of silicon can also dissolve during the HF leaching process. Moreover, due to 

its toxic nature, the requirements for the leaching equipment is highly strict. Additionally, the waste 



 

 

33 

HF acid treatment also brings challenges. Thus, compared with HCl, HF is not considered as a satisfied 

industrial leaching candidate.  

Recently, Safarian et al.[13] investigated the effect of leaching agents on Mg doped silicon 

purification using HCl, H2SO4 and HNO3. The best overall purification results for each type of acids 

can be seen from Figure 2- 17. The results showed that HCl is slightly better than the other two acids. 

The optimal concentration of HCl was claimed in the range 10 to 15%, while the optimal concentration 

for H2SO4 and HNO3 is higher, respectively, 20% and 15%.  

 
Figure 2- 17. Overall purification with the use of HCl, H2SO4 and HNO3 on Mg doped MG-Si 

leaching. Figure reproduced from [13]. 

2.1.4.2 Effect of temperature 

 

Santos et al.[20] studied the influence of the temperature on the impurities removal from MG-Si. 

They found that during leaching with HCl, leaching efficiency improved significantly with increasing 

temperature. But with HF leaching, the influence of temperature change from 20 to 80°C is however 

not very significant, except for the removal of calcium.   

Huang et al. [65]  studied the effect of leaching temperature on a Si-Cu alloy, they also reported 

that with higher leaching temperature, the impurity removal facilitated. Figure 2- 18 shows the effect 

of temperature on the extraction yield of B and P by leaching in the range between 30℃ to 70℃. It 

can be seen that with the increase of leaching temperature, leaching efficiency continuously increases.  
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Figure 2- 18. Effect of temperature on the leaching of Si-Cu for the removal of B and P. Figure 

reproduced from [65]. 

 

The temperature dependency for Mg doped MG-Si leaching by HCl can be seen from Figure 2- 

19 according to the research by Espelien et. al[62]. The samples were leached with 15% HCl for hours 

and at different temperatures of 22, 40, 60, and 80°C. It is seen that the removal efficiency of nearly 

all impurities increases with increasing temperature 
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Figure 2- 19. Effect of leaching temperature, by use of 15% HCl and 5 hours leaching time. Figure 

reproduced from [62]. 

 

2.1.4.3 Effect of particle size  

 

In general, it is known that with smaller particle size, more impurity phase will be exposed and 

leads to a higher removal efficiency. However, different results are seen in the literature about the 

effect of particle size on the removal of impurities through acid leaching. For instance, the effect of 

the particle size on the purification is illustrated in Figure 2- 20 for the cases of leaching with HCl and 

HF. It is found that the best results are obtained for the particle size with around 116 μm. Even taking 

into account the different contents of the impurities in the different fractions, the purification efficiency 

is lower with the finer fractions. Santos et al.[20] claimed that the reason is owing to more friable 

phases with higher impurities concentrated in the finely-ground particles, which are not so easily 

removed by the acid leaching. However, in contrast to Santos et al., Dietl [19]observed more impurity 

removal for smaller particles as shown in Figure 2- 21 by leaching MG-Si with aqueous solution of 

HCl and HF. Nevertheless, in the leaching of Si-Cu alloy with different particles, the optimal particle 

size was found between 74 to 106 μm for the extraction of B and P, while either bigger or smaller 

particle size leads to decreases of the purification efficiency, as shown in Figure 2- 22. 



 

36 

 
Figure 2- 20. Effect of particle size on the final concentration of major impurities after leaching with 

a): HC1 and b): HF. Figure reproduced from [20]. 

 
Figure 2- 21. Effect of particle size on purification of MG-Si powder by treatment with aqueous 

solutions of HCl and HF. Figure reproduced from [19]. 

(a) (b)

16% HCl, 18 h, 80 °C 2.5% HF, 2 h, 80 °C
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Figure 2- 22. Effect of particle size on purification of MG-Si doped by Cu powder by leaching 

treatment. Figure reproduced from [65]. 

The effect of particle size on leaching purification efficiency was also studied by Espelien and 

Safarian [11] for the leaching of Mg-doped MG-Si. As seen in Figure 2- 23, the results indicate that 

smaller particle size is more favourable for the removal of nearly all impurities. In addition, it can be 

also observed that the improvement of leaching efficiency narrows when the particle size is smaller 

than 1 mm. Thus, it is not necessary to grind particles to a size as fine as possible. Even though with 

finer particles lead to more exposure of the impurity phase, however, the additional milling processs 

may introduce other impurities into the silicon fines. On the other hand, milling to small particle size 

also enhances the difficulties in re-melting of the particles in subsequent procedures and higher Si loss 

occurs due to re-oxidation of silicon powder with high surface area. Therefore, crushing and milling 

of silicon to very small particles is not favourable.  
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Figure 2- 23. The removal degree of impurities for 2.2 wt% Mg doped MG-Si with different particle 

size ranges. Figure reproduced from [11]. 
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2.1.4.4 Effect of stirring method 

 

In order to enhance the leaching efficiency, magnetic stirring and ultrasonic field stirring are often 

applied, as schematically presented in Figure 2- 24.  

 
Figure 2- 24. Sketch of a setup of leaching with magnetic (left) and ultrasonic field (right). 

 

Acid leaching under an ultrasonic field has been recently used to remove Al, Fe and Ti impurities 

from MG-Si by Jian et al.[66] and Ma et al.[36]. They observed that acid leaching process under an 

ultrasonic field is more effective than the acid leaching under magnetic stirring. It was also suggested 

that when an ultrasonic field is used in the acid leaching process, the mechanical interaction between 

the sound waves and the liquids would lead to the phenomenon of cavitation and acoustic streaming. 

As a result, many cavitation bubbles generated which then dramatically collapse causing high 

temperature, high pressure, strong shock and micro-jet in the local solution so that leads to a change 

of mass transfer and acceleration of the rate of dissolution of metallic impurities into the acids. This 

provides better chance for the impurities that are on the defects and slits under the surface of the silicon 

particles to react with the HCl. 

 

2.1.5 Leaching kinetics 

In this section the general kinetic models that may be proper the leaching process of silicon are 

shortly studied. 

Jander model[67] 

Jander model is known as the first three-dimensional kinetics model derived in 1920s[67]. The 

model was derived based on the diffusion-controlled reaction of a spherical particle from the parabolic 

law. The product layer substitutes the space filled by the initial reactant solid particle with no change 

in volume. However, Jander used a plane surface (one-dimensional, shown as Figure 2- 25) as the 

basis of assumption so it is strictly not correct. Even though it is empirical and contains unrealistic 

physics, but it has been widely used and modified. 

Based on the assumptions of infinite long plane surface, and l as the thickness of the product layer, 

the diffusion-controlled mechanism requires: 

𝑑𝑙

𝑑𝑡
=

𝑘

𝑙
(2 − 7) 
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where k is a constant which effectively incorporates physical and chemical parameters and 𝑙 is the 

thickness of the product layer. This can be integrated to yield the widely known parabolic law: 

𝑘𝑡 =
𝑙2

2
(2 − 8) 

Defining 𝛼  as the extent of reaction of a shrinking spherical particle, 𝛼 = 1 − (
𝑟

𝑅
)3 , and by 

neglecting the surface curvature, we obtain:  

𝑙

𝑅
= 1 − (1 − 𝛼)

1
3 (2 − 9) 

Finally, the Jander model is written as:  

(1 − (1 − 𝛼)
1
3)

2

=
2𝑘

𝑅2
t (2 − 10) 

 
Figure 2- 25. Sketch of the assumptions applied to Jander model (left) and its definition of extent of 

reaction under spherical particle situation (right). Reproduced from 

Provis.[68][68][68][68][68][68][68][68][68][68][68][68][68][68][68][68][68][68][68] 

 

Ginstling-Brounshtein model[69] 

Ginstling and Brounshtein stated that the Jander model is oversimplified and holds only at low 

conversion values. They further introduced surface curvature into Jander model to correct the 

unrealistic flaw and leads to the correct description of the particle-fluid reaction assuming rate control 

by diffusion controlled shrinking core model for unchanged spherical particle size: 

1 −
2

3
𝛼 − (1 − 𝛼)

2
3 = 𝑘t (2 − 11) 

Zhuravlev, Lesokhin and Templeman (ZLT) model[70] 

The ZLT model is also a modification of the Jander model by assuming the diffusion rate constant 

is proportional to the remaining reactant. This yield: 

((1 − 𝛼)−
1
3 − 1)

2

= 𝑘t (2 − 12) 

Kröger and Ziegler model[71,72] 

The Kröger-Ziegler model is directly modified from the original Jander model, where both are 

based on the assumption of a constant reaction plane surface (one-dimensional). In the Kröger-Ziegler 

model, the growing rate of the product layer is inversely proportional to the thickness of itself and time, 

and the model can be expressed as: 

(1 − (1 − 𝛼)
1
3)

2

= 𝑘ln(t) (2 − 13) 

Valensi-Carter model[73] 
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Carter improved the Jander model by considering the volume difference of the product layer with 

respect to that of the consumed reactant. Valensi also derived the samel model but from a different 

starting point, and thus, the equation is referred to the Valensi-Carter model, 

1) The rate of thickening of a spherical shell of the reaction product must depend on the ratio of 

the outer to inner surfaces. 

2) The volume of reacted and the volume of product are not equal. 

𝑍 − [1 + (𝑍 − 1)𝛼]
2
3 − (𝑍 − 1)(1 − 𝛼)

2
3

𝑍 − 1
= 𝑘t (2 − 14) 



2.2 Slag refining 

 

Slag refining is a widely studied technique for Si purification and plays an essential role in nearly 

all high temperature metallurgical processes. A typical slag refining system consists of two immiscible 

liquids, respectively, the molten slag phase and molten metal phase. The slag phase is generally a 

mixture of silicates (if SiO2 content is significant) and absorbs the unwanted impurities from the metal 

phase generally based on chemical equilibrium of redox reaction. As it has been discussed before that 

B removal from silicon is difficult through the liquid-solid segregation process upon silicon 

solidification, however, slag refining is effective for the B separation from Si even at the scale of parts 

per million. 

The experimental procedure of slag refining consists of the following steps, firstly the preparation 

of master slags to ensure homogenized composition, secondly, melting the mixture of master slag and 

Si in crucible and to reach the target refining temperature, then holds the molten slag and Si with target 

holding time period. Finally, the slag and Si are separated through tapping or solidification. Slag 

properties are essential for the Si purification as they have a decisive effect on the process control and 

impurity absorption. Therefore, specific requirements are needed to be fulfilled for an appropriate slag 

as below:  

1. The slag melt should be immiscible with the molten Si (or Si-rich alloy) phase. 

2. The slag should have high affinity to the key impurities like B than to Si. 

3. The raw slag should have high purity so that to avoid contamination to the Si melt, particularly, 

the slag should contain low level of B and P. 

4. An appropriate slag viscosity is required at the refining temperature range. Slag viscosity plays 

a vital important role since it directly determines the mass transfer of impurities and the 

refining kinetics. If the slag is too viscous, the mass transfer will be strongly limited and leads 

to insufficient impurity separation. However, if the slag viscosity is too low, it will enhance 

the erosion of the furnace inversely. Therefore, it is important to maintain slag viscosity in 

specific range to ensure good slag mobility and slag/Si interfacial contact.  

5. A distinct density difference between slag and Si phase is preferred. This is because a large 

density difference between slag and Si facilitates separation between slag and Si through the 

tapping process and thus benefits the Si recovery.  

2.2.1 Distribution coefficient of boron 

 

The B distribution coefficient, which is also known as partition ratio, is widely used to evaluate 

the extent of B removal by slag refining, which is given by: 

𝐿B =
(%𝐵)

[%𝐵]
(2 − 15) 

where (%𝐵) and [%𝐵] is the B concentration in slag and Si phases, respectively, typically in wt%. 

If the interaction of other slag main component(s) with the dissolved B in silicon is insignificant, 

the mechanism of B removal can be described by the following reaction at the slag/Si interface. 

Regardless, the B removal reaction mechanism, the equilibrium in the system can be studied using this 

reaction: 

B +
3

4
(SiO2) = (BO1.5) +

3

4
Si (2 − 16) 
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and with the equilibrium constant 𝐾 given as: 

𝐾 =
(𝑎Si

Si melt)
3
4

(𝑎SiO2

slag
)

3
4

∙
𝑎BO1.5

slag

𝑎B
Si melt

=
(𝑎Si

Si melt)
3
4

(𝑎SiO2

slag
)

3
4

∙
𝑥BO1.5

slag

𝑥B
Si melt

∙
𝛾BO1.5

slag

𝛾B
Si melt

(2 − 17) 

In practical, mass fraction is more convenient to use and the mole to mass conversion can be 

obtained by introducing the following conversion factor 𝑘𝑥→𝑤: 

𝐿B =
(%𝐵)

[%𝐵]
=

𝑥BO1.5

slag

𝑥B
Si melt

∙ 𝑘𝑥→𝑤 (2 − 18) 

And, 

𝑘𝑥→𝑤 =
𝑥Si𝑀Si + ∑ 𝑥Me𝑀Me

𝑥SiO2
𝑀SiO2

+ ∑ 𝑥MeO𝑥
𝑀MeO𝑥

(2 − 19) 

where the element Me and its oxide MeOx indicate the other elements in Si and slag, and 𝑀Me, 𝑀MeO𝑥
 

indicate their corresponding molar mass. 

Rearrange the equilibrium constant, the distribution coefficient 𝐿B can be expressed as: 

𝐿B =
𝐾 ∙ 𝛾B

Si melt ∙ (𝑎SiO2

slag
)

3
4

𝛾BO1.5

slag
∙ (𝑎Si

Si melt)
3
4

∙ 𝑘𝑥→𝑤 (2 − 20) 

It is seen that B removal through slag refining is a complicated that is directly related to the slag 

chemistry and the silicon melt composition. Since the 𝐿B  value is affected by multiple factors, 

practically, the optimum refining condition can be obtained through modifying the parameters. 

However, even though the theoretical expression of  𝐿B is known, it is still hard to directly calculate it 

due to the lack of thermodynamic data about many dilute solutions of B and BO1.5 in silicon and slag 

melts. Thus, the 𝐿B  is usually obtained through experimental work and used to evaluate the slag 

refining performance. 

  

2.2.2 Factors affecting slag refining performance 

 

The chemical equilibria of impurity partition between slag and metal phase is a complicated 

function of slag composition, silicon melt composition, temperature, time, and crucible materials, 

atmosphere and so on. Because of this, literature data often differentiate with each other. Nevertheless, 

this section briefly summarized the effects of the critical processing parameters. 

2.2.2.1 Slag composition 

By dealing with the complicated slag composition-structure-property relationship, many methods 

have been proposed to describe and quantify the molten slags reactivity. Slag basicity is one of the 

most widely used indicators to reflect the slag chemistry based on whether acidic or basic. As shown 

in Figure 2- 26 the classification of acidic and basic oxide depends on the structural role of the oxides 

in slags, while acidic oxide behaviour as network modifier and promotes the slag network 

polymerization and basic oxide behaviour as network modifier to depolymerize the slag network and 

in association with the creation of more reactive non-bridging oxygen and free oxygen. Boron oxide 

is known as a stable acidic oxide and therefore prefers to react with basic oxide to be stabilized as 
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borate. Considering the equilibrium with the oxygen partial pressure and oxygen anions, the oxidation 

and ionization reaction of boron can be written as: 

B +
3

4
O2 +

3

2
O2− = (BO3

3−) (2 − 21) 

where the activity of oxygen ions 𝑎𝑂2
 is affected by the dissociation of the basic oxides, and the oxygen 

partial pressure 𝑝𝑂2
is corresponding to the activity of silica. 

Based on the Equation (2-21), boron capacity is introduced to evaluate the capability of a slag to 

absorb boron: 

CB𝑂3
3− =

(%B𝑂3
3−)

𝑎𝐵(𝑝𝑂2
)

3
4

=
𝐾 ∙ (𝑎𝑂2−)

3
2

𝛾B𝑂3
3−

(2 − 22) 

It is seen that the final borate capacity expression is without the oxygen partial pressure term. This is 

because the slag composition can be affected by the oxygen partial pressure through the equilibrium 

between SiO2 and Si. The borate capacity can be calculated if the equilibrated boron oxide mass 

fraction, activity of boron, and oxygen partial pressure are known. It is also seen that the defined borate 

capacity suggests the boron oxidation relies on the dissociated oxygen ions from basic oxides. 

However, one major problem of the concept of basicity lies in dealing with the amphoteric oxide 

or intermediates, e.g., Al2O3, and differentiating the contributions from different cations. This problem 

is partially overcome by introducing the concept of optical basicity, which is a measure of the electron 

donor properties of different ions. The optical basicity of molten slag can be calculated as below: 

𝛬 =
∑ 𝑥𝑖𝑛𝑖 𝛬𝑖

∑ 𝑥𝑖𝑛𝑖

(2 − 23) 

where 𝛬𝑖  is the theoretical optical basicity of pure oxide substance, 𝑥𝑖  and 𝑛𝑖  represent the mole 

fraction and the number of oxygen atoms in each oxide component. Using a normalized B distribution 

coefficient by dividing the oxygen partial pressure, positive relationship between B removal and 

optical basicity was observed by Johnston and Barati[74] and other researchers[75,76].  

 
Figure 2- 26. Structural role of common oxides in silicate melt. 
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The composition dependence of slag refining is also known as dependent on the slag local 

structure changes. For instance, the thermodynamic properties variation of SiO2 and BO1.5 are directly 

affected by their local environment. As presented in Figure 2- 27, the activity coefficient of SiO2 is 

strongly compositional dependent and with a distinct hierarchy that for a given SiO2 concentration, 

𝛾SiO2
 increases with increasing cation field strength (Mg>Ca>Sr>Ba>Li>Na>K). The reason is that 

higher field strength cation leads to larger Si network distortion, which increases the tendency of the 

Si cation unit to escape. Additionally, as shown in Figure 2- 28, it has also been found that the activity 

coefficient of BO1.5 decreases with an increasing fraction of three coordinated boron in CaO-SiO2-

BO1.5 slags with similar basicity, and a  high optical basicity slag environment was found to favor the 

three coordinated boron.[77] 

 
Figure 2- 27. Activity coefficient of SiO2 in the melt at 1550°C.[78] 

 

 
Figure 2- 28. Relationship between the boron coordination and activity coefficient of BO1.5 with slag 

basicity.[77] 

 

2.2.2.2 Si melt composition 

In contrast to select suitable slag composition to reduce the activity coefficient of B2O3 in slag, B 

removal through slag refining can be promoted by increasing the activity coefficient of dissolved B in 

Si melt by alloying with other elements. Additionally, according to the Equation (2-20), the alloying 

(b)(a)
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of Si can also reduce the Si activity which could also facilitate the B separation. A few research works 

have been done for the slag refining with Si alloys and shown significantly high LB values, which will 

be reviewed in the next section. 

 

2.2.2.3 Refining temperature 

The operation temperature plays an important role in the slag refining process. As it directly affects 

the slag chemistry and the equilibrium constant K. Additionally, it is also known that a higher refining 

temperature could significantly reduce slag viscosity and facilitate the mass transfer. The effect of 

temperature on impurity distribution can be seen in Figure 2- 29, it can be seen that higher temperature 

is beneficial for the B removal. However, the equilibrium oxygen partial pressure also increases with 

increasing temperature, thus, higher Si loss through oxidation is also expected to happen with higher 

temperatures. 

 
Figure 2- 29. Temperature dependence of impurity distribution ratio and equilibrium oxygen partial 

pressure.[79] 

 

2.2.2.4 Mass transfer and kinetics 

The kinetics aspect is also important for the slag refining especially before the chemical 

equilibrium reached. It has been reported that mechanical stirring could promotes the mass transfer 

rate to at least one order of magnitude[80]. As presented in Figure 2- 30, the mass transfer of B from 

Si phase to slag phase undergoes the following steps: 

1. Mass transfer of the dissolved B in bulk Si to the metal phase boundary layer 

2. B diffusion through the boundary layer to the reaction interface 

3. B oxidation at the Si/Slag interface   

4. Diffusion of the oxidized B, B2O3, from the interface across the slag boundary layer 

5. Mass transfer of the oxidized B from the slag boundary layer to the bulk slag phase  
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The properties of the boundary layer are affected by multiple factors, for instances, refining 

temperature and composition of slag and silicon. Assuming that the melt boundary layer mass transport 

is the rate-limiting step, the following equation is obtained[81]:  

[%𝐵] − [%𝐵]𝑒𝑞

[%𝐵]𝑖𝑛 − [%𝐵]𝑒𝑞
= 𝑒𝑥𝑝 (−

𝑘𝑡𝜌𝐴𝑠

𝑀
(1 +

𝑀

𝑀𝑠𝐿B
)) (2 − 24) 

where [%𝐵] is the average concentration of the dissolved B in Si phase at time t. It is also seen that 

the required time to reach equilibrium is related to the initial B concentration gradient, mass transfer 

coefficient, interfacial area, and mass ratio of slag to silicon. 

 

 
Figure 2- 30. Illustration of boron mass transfer from silicon phase to slag phase. 

 

2.2.3 Previous works 

As summarised in Table 2- 6 and Table 2- 7, many slag systems have been studied in the past two 

decades to investigate the effect of slag properties on B removal from Si or Si alloys. In the recent, the 

impurity response to various slag refining conditions has been also critically reviewed by Thomas et 

al.[76,82]. It has been shown that the typical LB values ranges from 1-5 but scattered depends on 

different authors. In this section, the common studied slag systems are briefly reviewed below. 

2.2.3.1 Binary silicate slag 

As the most fundamental slag system, the binary CaO-SiO2 slag system has been extensively 

studied and summarized in Figure 2- 31. Current reported slag systems are also summarized in Table 

2- 6. 

Suzuki et al.[83] was the first that published boron removal by slag refining with the binary 

calcium silicate slag, although there were many years before a lot of unpublished industrial research, 

i.e. at ELKEM. In their work, an initial Si contained 80 ppmw B was refined at 1450 and 1550 °C 

under pure Ar atmosphere or mixed with CO2. Relatively low LB values were reported, in the range of 

0.31-1.15. The reasons are most probably due to the used low basicity slag, low refining temperature, 

and short refining time that caused sampling before reaching equilibrium.  

Teixeira et al.[84] investigated a series of CaO-SiO2 slags at 1550 °C using a graphite crucible 

and in a resistance furnace. The refining system was held for 18 h under Ar atmosphere to make sure 
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full equilibrium. The reported LB values are in the range of 2-5.5, and a local minimum was reported 

to exist in the middle basicity range. This trend is somehow different regarding the optical basicity 

relationship discussed above. 

Jakobsson and Tangstad [85] also investigated the B distribution between Si and CaO-SiO2 slag 

system with thorough description about the experimental details. They used graphite crucible and in 

resistance furnace at 1600 °C for 3-18 h. With confirmed equilibrium state, the reported LB values 

were found in between 2-2.5 across the entire liquid region of the CaO-SiO2 slag system and with a 

linear relationship that slightly increases with increasing CaO/SiO2 ratio. Similar trend was also 

reported for the MgO-SiO2 binary system but with a slightly lower LB[85]. 

The binary BaO-SiO2 slag system was recently studied by Safarian[86]. The Si samples containing 

30 ppmw B were added into graphite crucibles and fixed the slag/Si mass ratio equal to 2. Samples 

were held at 1500 and 1600 °C for 2 h under electromagnetic stirring. The reported LB values increase 

with increasing temperature but lie in the range 0.9-1.35 and with a local minimum observed around 

BaO/SiO2 ratio between 0.9-1.  The thermodynamic analysis suggested B was mainly oxidized by BaO, 

but the lower LB values seem to be owing to the heavy mole mass of BaO oxide dilute the B 

concentration in the slag phase. 

 
Figure 2- 31. Summarised B removal in CaO-SiO2-based slags.[82]  

 

Na2O-SiO2 slag system is also commonly studied for the B removal from Si. Safarian et al.[87] 

extensively studied the thermodynamics, kinetics, and mechanism of B removal through Na2O-SiO2 

slag system. In addition to the alkaline-earth elements-based slag system, the dissolved B in Si melt 

was found oxidized at the interfacial area and further removed through the formation of volatile 

compound Na2B2O4. 

Fang et al.[88] studied the effect of refining temperature, slag composition, slag/Si mass ratio, and 

holding time of the Na2O-SiO2 slag. It was found that higher temperature promotes the B removal and 
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Na2O/SiO2 equals to 2 is the most efficient refining composition, which reached to equilibrium in 30 

min at 1700 °C. Through three times slag refining operations, B was reduced from 1.8 to lower than 

0.3 ppmw. 

 

2.2.3.2 Other slag systems 

As listed in Table 2- 6, there are also many other slag systems studied based on different purpose. 

For instance, Teixeira and Morita[89] studied the influence of CaF2 addition into CaO-SiO2 slag system, 

and it was found LB values slightly increases from 1 to 2.4 with increasing CaO/SiO2 ratio, but not 

dependent on the CaF2. Safarian et al.[90] studied the ternary CaO-Na2O-SiO2 slag system and found 

that B removal rate is considerably higher than the binary CaO-SiO2 slag because B was partially 

gasified through the evaporation of sodium metaborate, Na2B2O4, while the final LB value was between 

2.4-2.6 and close to the results of CaO-SiO2 binary slag. Jakobsson and Tangstad[85] investigated the 

B removal from the ternary CaO-MgO-SiO2 and CaO-Al2O3-SiO2 slag systems. No significant 

compositional dependence was observed for the CaO-MgO-SiO2 slags as the LB values varies in small 

range between 2-2.5, but the B removal was found to decrease with increasing Al2O3 addition. Johnston 

and Barati studied the effect of basicity and oxygen partial pressure of the quaternary CaO-MgO-

Al2O3-SiO2 slag system and found that basicity and oxygen pressure significantly affect the B removal. 

Recently, the addition of CaCl2 in slags has been also studied[37,91], and it was proposed that B was 

removed by the formation of BOCl gaseous species. 

 

2.2.3.3 Slag refining with silicon alloys 

The slag refining with silicon alloys has attracted increasing attention in the recent years. It can 

also be regarded as a combined process of slag refining and solvent refining.  A list of slag refining 

with silicon alloy is presented in Table 2- 7. 

Ma et al.[92] studied the CaO-SiO2-CaF2 slag refining with Si-Sn alloys. It was found that the LB 

values exponentially increases from 2.3 to 200 with increasing Sn concentration in the alloy. The main 

reason of such enhanced B removal is attributed to the increased B activity caused by Sn addition. 

Similarly, Li et al.[93] studied the Na2O-CaO-Al2O3-SiO2 slag refining with Si-Cu alloy and also 

reported with enhanced LB values. The effect of slag composition was also studied and with a 

maximum of LB and LP observed by changing SiO2/Al2O3 ratio, which further highlighted the 

counterbalancing effect between basicity and oxygen potential. In the recent, the slag refining of 

silicon alloys was also comprehensively reviewed by Thomas el al.[76]. In their work, the LB values 

was normalized by oxygen partial pressure, and defined as DB: 

𝐷B =
𝐿B

(𝑝𝑂2
)

3
4

(2 − 25)
 

The DB value is similar to boron capacity, which evaluates the boron removal ability of given slags. 

As shown in Figure 2- 32, even the reported values differ from study by study, a high DB value can be 

reached through the Sn and Cu addition. 
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Figure 2- 32. Calculated DB values from the slag refining oof silicon alloys.[76]



T
ab

le
 2

- 
6
. 

R
ev

ie
w

 l
is

t 
o
f 

li
te

ra
tu

re
 f

o
r 

sl
ag

 r
ef

in
in

g
 w

it
h

 c
ru

d
e 

si
li

co
n

. 
A

u
th

o
r 

F
u

rn
a
ce

 

ty
p

e 

S
la

g
 s

y
st

em
 

C
o
m

p
o
si

ti
o
n

 r
a
n

g
e 

C
ru

ci
b

le
 

ty
p

e 

G
a
s 

p
h

a
se

 

S
i 

sc
a
le

 
S

la
g
/ 

S
i 

m
a
ss

 

ra
ti

o
 

T
em

p
er

a
-

tu
re

 

(°
C

) 

H
o
ld

in
g
 

ti
m

e 

(h
) 

L
B
 

S
u
zu

k
i 

an
d
 S

an
o
 

[8
3
](

1
9
9
1
) 

R
es

is
ta

n
ce

  
 

C
aO

-S
iO

2
 

3
6
%

 C
aO

-6
4
%

 S
iO

2
 

G
ra

p
h
it

e 
A

r,
 C

O
, 

A
r+

C
O

2
 

1
0
 g

 
1
 

1
4
5
0
-1

5
5
0
 

2
 

0
.3

1
-1

.1
5
 

W
ei

ss
 a

n
d
 

S
ch

w
er

d
tf

eg
er

[9
4
] 

(1
9
9
4
) 

R
es

is
ta

n
ce

  
 

C
aO

-S
iO

2
 

4
3
w

t%
 C

aO
-5

5
%

 S
iO

2
 

(2
%

 B
2
O

3
) 

Q
u
ar

tz
 

A
r 

2
 g

 
2
.5

 
1
5
0
0
 

4
, 
6
.5

 
5
.5

 

F
u
ji

w
ar

a 
et

 a
l.

[9
5
] 

(2
0
0
5
) 

In
d
u
ct

io
n
 +

 

m
ec

h
an

ic
al

 

st
ir

ri
n
g
 

C
aO

-S
iO

2
 

3
5
w

t%
 C

aO
 -

 6
5
%

 S
iO

2
 

A
lu

m
in

a 
A

r 
2
-3

.5
 g

 
 

1
6
0
0
 

- 
N

G
 

T
ei

x
ei

ra
 e

t 
al

.[
8
4
] 

(2
0
0
9
) 

R
es

is
ta

n
ce

  
 

C
aO

-S
iO

2
 

C
aO

/S
iO

2
=

0
.5

-1
.2

1
 

G
ra

p
h
it

e 
A

r 
3
 g

 
2
.2

 
1
5
5
0
 

1
8
 

2
-5

.5
 

D
. 
L

u
o
 e

t 
al

.[
9
6
] 

(2
0
1
1
) 

In
d
u
ct

io
n
  
 

2
0
0
k
W

 -
 

3
0
0
0
 H

z 

C
aO

-S
iO

2
 

C
aO

/S
iO

2
=

1
.2

1
 

Q
u
ar

tz
 

A
r 

3
 k

g
 

0
.1

 
1
5
5
0
-1

6
0
0
 

0
.5

-2
 

2
.2

 

Z
. 
D

in
g
 e

t 
al

.[
9
7
] 

 

(2
0
1
2
) 

In
d
u
ct

io
n
  
 

C
aO

-S
iO

2
 

4
5
%

 C
aO

 
G

ra
p
h
it

e 
A

r 
- 

- 
1
5
5
0
 

- 
1
.0

2
 

N
is

h
im

o
to

 e
t 

al
.[

9
8
](

2
0
1
2
) 

 

R
es

is
ta

n
ce

  
 

C
aO

-S
iO

2
 

C
aO

/S
iO

2
=

1
.2

2
 

G
ra

p
h
it

e 
A

r 
1
.6

, 
3
, 

3
.2

 

1
.2

5
-

2
.5

 

1
5
5
0
 

3
 

2
.1

6
 

J.
 W

h
it

e 
et

 a
l.

[8
0
] 

 

(2
0
1
4
) 

R
es

is
ta

n
ce

  
  

+
 m

ec
h
an

ic
al

 

st
ir

ri
n
g
 

C
aO

-S
iO

2
 

5
4
w

t%
 C

aO
-4

6
%

 S
iO

2
 

G
ra

p
h
it

e 
 

4
0
 g

 
1
 

1
5
5
0
 

0
.1

7
 

1
.9

8
, 
2
.4

5
 

K
. 
W

ei
 e

t 
al

.[
9
9
] 

 

(2
0
1
5
) 

In
d
u
ct

io
n
  
 

C
aO

-S
iO

2
 

O
p
ti

ca
l 

b
as

ic
it

y
: 

0
.4

-0
.8

 
G

ra
p
h
it

e 
A

r 
- 

- 
1
5
5
0
 

0
.5

-3
 

0
.7

-1
.6

 

Ja
k
o
b
ss

o
n
 a

n
d
 

T
an

g
st

ad
[1

0
0
] 

(2
0
1
5
) 

R
es

is
ta

n
ce

  
 

C
aO

-S
iO

2
 

3
6
-5

4
w

t%
 C

aO
 

G
ra

p
h
it

e 
A

r 
1
5
 g

 
1
 

1
6
0
0
 

0
.6

-1
8

 
2
.1

3
-2

.5
2
 



 

5
2

 

Ja
k
o
b
ss

o
n
 a

n
d
 

T
an

g
st

ad
[1

0
0
] 

(2
0
1
5
) 

R
es

is
ta

n
ce

  
 

M
g
O

-S
iO

2
 

3
4
-4

1
w

t%
 M

g
O

 
G

ra
p
h
it

e 
A

r 
5
, 
1
5
 g

 
1
 

1
6
0
0
 

0
.6

-1
8

 
1
.9

2
-2

.4
1
 

S
af

ar
ia

n
[8

6
] 

(2
0
1
9
) 

In
d
u
ct

io
n
  
 

B
aO

-S
iO

2
 

4
5
-6

0
w

t%
 B

aO
 

4
0
-5

5
%

 S
iO

2
 

G
ra

p
h
it

e 
A

r 
- 

- 
1
5
0
0
-1

6
0
0
 

2
 

0
.9

-1
.3

5
 

S
u
zu

k
i 

an
d
 

S
an

o
[8

3
] 

(1
9
9
1
) 

R
es

is
ta

n
ce

  
 

C
aO

-M
g
O

-S
iO

2
 

1
0
%

M
g
O

, 
 

C
aO

/S
iO

2
=

0
.4

-1
 

G
ra

p
h
it

e 
C

O
 

1
0
 g

 
1
 

1
4
5
0
 

2
 

1
-1

.6
 

J.
 W

h
it

e 
et

 a
l.

[1
0
1
] 

(2
0
1
3
) 

R
es

is
ta

n
ce

  
 

C
aO

-M
g
O

-S
iO

2
 

N
o
t 

g
iv

en
 

G
ra

p
h
it

e 
C

O
 

(0
.6

, 
0
.8

, 

1
 a

tm
) 

3
 g

 
3
.3

 
1
6
0
0
 

4
8
 

2
.3

-3
.4

5
 

J.
 W

h
it

e 
et

 a
l.

[1
0
2
] 

(2
0
1
3
) 

R
es

is
ta

n
ce

  
 

C
aO

-M
g
O

-S
iO

2
 

N
G

 
G

ra
p
h
it

e 
A

r+
C

O
, 

 C
O

+
N

2
 

3
 g

 
3
.3

 
1
6
0
0
 

4
8
 

1
.3

-3
.4

 

Ja
k
o
b
ss

o
n
 a

n
d
 

T
an

g
st

ad
[1

0
0
] 

(2
0
1
5
) 

R
es

is
ta

n
ce

  
 

C
aO

-M
g
O

-S
iO

2
 

8
-4

8
w

t%
 C

aO
, 

6
-3

1
%

 M
g
O

, 

4
5
-6

5
%

 S
iO

2
 

G
ra

p
h
it

e 
A

r 
1
5
 g

 
1
 

1
6
0
0
 

0
.6

-1
8

 
1
.8

4
-2

.5
2
 

S
u
zu

k
i 

an
d
 

S
an

o
[8

3
] 

(1
9
9
1
) 

R
es

is
ta

n
ce

  
 

C
aO

-B
aO

-S
iO

2
 

1
0
%

B
aO

, 
 

C
aO

/S
iO

2
=

0
.6

-1
.2

 

G
ra

p
h
it

e 
C

O
 

1
0
 g

 
1
 

1
4
5
0
 

2
 

1
.5

-2
 

S
af

ar
ia

n
[8

6
] 

(2
0
1
9
) 

In
d
u
ct

io
n
  
 

C
aO

-B
aO

-S
iO

2
 

0
-1

0
w

t%
 B

aO
, 
3
6
-4

0
%

 

C
aO

, 
5
3
-5

9
%

 S
iO

2
 

G
ra

p
h
it

e 
A

r 
- 

- 
1
5
0
0
-1

6
0
0
 

2
 

1
.9

-2
.2

 

S
u
zu

k
i 

an
d
 

S
an

o
[8

3
] 

(1
9
9
1
) 

R
es

is
ta

n
ce

  
 

C
aO

-S
iO

2
-C

aF
2
 

3
0
%

 C
aF

2
, 
 

C
aO

/S
iO

2
=

0
.8

-4
.2

 

G
ra

p
h
it

e 
C

O
 

1
0
 g

 
1
 

1
4
5
0
 

2
 

1
-1

.7
 

T
ei

x
ei

ra
 a

n
d
 

M
o
ri

ta
[8

9
] 

(2
0
0
9
) 

R
es

is
ta

n
ce

  
 

C
aO

-S
iO

2
-C

aF
2
 

2
5
%

C
aF

2
 

C
aO

/S
iO

2
=

0
.3

-3
, 

4
0
%

 C
aF

2
 

C
aO

/S
iO

2
=

1
-5

 

G
ra

p
h
it

e 
A

r 
3
 g

 
2
.2

 
1
5
5
0
 

1
8
 

1
-2

.4
 

J.
 C

ai
 e

t 
al

.[
8
9
] 

(2
0
1
1
) 

In
d
u
ct

io
n
  
 

C
aO

-S
iO

2
-C

aF
2
 

1
0
w

t%
 C

aF
2
 

C
aO

/S
iO

2
=

1
.0

-4
.0

 

G
ra

p
h
it

e 
A

r 
- 

3
 

1
6
0
0
, 

1
5
0
0
-1

7
0
0
 

1
 

2
.8

6
-4

.6
1
 

H
. 
C

h
en

g
 e

t 

al
.[

1
0
3
] 

(2
0
1
8
) 

In
d
u
ct

io
n
  
 

C
aO

-S
iO

2
-C

aF
2
 

5
5
w

t%
 C

aO
, 
3
0
%

 S
iO

2
, 
 

1
5
%

 C
aF

2
 

G
ra

p
h
it

e 
A

m
b
ie

n
t 

ai
r 

1
4
0
 g

 
2
.2

 
1
5
5
0
 

2
 

N
G

 

H
. 
C

h
en

g
 e

t 

al
.[

1
0
4
] 

(2
0
1
9
) 

In
d
u
ct

io
n
  
 

C
aO

-S
iO

2
-C

aF
2
 

1
0
-3

0
w

t%
 C

aF
2
 

G
ra

p
h
it

e 
A

m
b
ie

n
t 

ai
r 

1
4
0
 g

 
 1

-3
 

1
6
0
0
 

0
.2

5
-

0
.5

 

1
.2

-1
.8

 



 

 

5
3

 

S
u
zu

k
i 

an
d
 

S
an

o
[8

3
] 

(1
9
9
1
) 

R
es

is
ta

n
ce

  
 

C
aO

-M
g
O

-

S
iO

2
-C

aF
2
 

1
0
%

 M
g
O

, 
 

C
aO

/S
iO

2
=

1
-1

.4
 

G
ra

p
h
it

e 
C

O
 

1
0
 g

 
1
 

1
4
5
0
 

2
 

1
-1

.4
 

S
u
zu

k
i 

an
d
 

S
an

o
[8

3
] 

(1
9
9
1
) 

R
es

is
ta

n
ce

  
 

C
aO

-B
aO

-S
iO

2
-

C
aF

2
 

1
0
%

B
aO

, 
 

C
aO

/S
iO

2
=

1
.2

-1
.4

 

G
ra

p
h
it

e 
C

O
 

1
0
 g

 
1
 

1
4
5
0
 

2
 

1
.2

-6
 

Z
. 
D

in
g
 e

t 
al

.[
9
7
] 

(2
0
1
2
) 

In
d
u
ct

io
n
  
 

C
aO

-S
iO

2
-L

iF
 

L
iF

=
0
-4

0
w

t%
 

C
aO

/S
iO

2
=

0
.8

 

G
ra

p
h
it

e 
A

r 
- 

0
.5

-5
 

1
5
5
0
 

 
1
.0

-2
.7

7
 

Y
. 
L

i 
et

 a
l.

[1
0
5
] 

(2
0
1
4
) 

In
d
u
ct

io
n
  
 

C
aO

-S
iO

2
-L

iF
 

2
0
w

t%
 L

iF
, 
 

C
aO

/S
iO

2
=

1
 

G
ra

p
h
it

e 
A

r 
N

G
 

1
 

1
5
5
0
 

0
.2

5
-3

 
1
.8

 

W
an

g
 e

t 
al

.[
1
0
6
] 

(2
0
1
6
) 

In
d
u
ct

io
n
  
 

C
aO

-Z
n
O

-S
iO

2
 

0
-3

0
w

t%
 Z

n
, 

C
aO

/S
iO

2
=

1
 

G
ra

p
h
it

e 
A

r 
3
0
 g

 
1
 

1
5
5
0
 

1
 

1
.8

-3
.0

4
 

H
. 
L

ai
 e

t 
al

.[
1
0
7
] 

(2
0
1
6
) 

In
d
u
ct

io
n
  
 

L
i 2

O
-S

iO
2
 

1
6
-7

5
w

t%
 L

i 2
O

 
G

ra
p
h
it

e 
A

m
b
ie

n
t 

ai
r 

2
0
 g

 
0
.5

-3
 

1
7
0
0
 

0
.1

7
-

0
.5

 

N
G

 

Y
. 
L

i 
et

 a
l.

[1
0
5
] 

(2
0
1
4
) 

In
d
u
ct

io
n
  
 

L
i 2

O
-C

aO
-S

iO
2
 

2
0
w

t%
 L

i 2
O

, 

C
aO

/S
iO

2
=

1
 

G
ra

p
h
it

e 
A

r 
N

G
 

1
 

1
5
5
0
 

0
.2

5
-3

 
1
.4

 

H
. 
L

ai
 e

t 
al

.[
1
0
7
] 

(2
0
1
6
) 

In
d
u
ct

io
n
  
 

L
i 2

O
-S

iO
2
-C

aF
2
 

1
5
-6

7
.5

w
t%

L
i 2

O
, 
2
3

-

7
5
%

S
iO

2
, 
1
0
%

 C
aF

2
 

G
ra

p
h
it

e 
A

m
b
ie

n
t 

ai
r 

2
0
 g

 
1
 

1
7
0
0
 

0
.1

7
-1

 
 

Z
. 
D

in
g
 e

t 
al

.[
9
7
] 

(2
0
1
2
) 

In
d
u
ct

io
n
  
 

L
i 2

O
-C

aO
-S

iO
2
 

L
i 2

O
=

0
-4

0
w

t%
 

C
aO

/S
iO

2
=

0
.8

 

G
ra

p
h
it

e 
A

r 
- 

0
.5

-5
 

1
5
5
0
 

0
.5

-4
 

1
.0

-2
.0

 

J.
 W

u
 e

t 
al

.[
1
0
8
] 

(2
0
1
2
) 

In
d
u
ct

io
n
  
 

L
i 2

O
-C

aO
-S

iO
2
 

L
i 2

O
=

2
.5

-2
0
w

t%
 

G
ra

p
h
it

e 
A

r 
- 

0
.5

-4
 

1
6
0
0
 

2
 

 0
.8

2
-1

.5
6
 

S
af

ar
ia

n
 e

t 
al

.[
8
7
] 

(2
0
1
3
) 

In
d
u
ct

io
n
  
 

N
a 2

O
-S

iO
2
 

2
0
-5

0
w

t%
 N

a 2
O

 
G

ra
p
h
it

e 
A

r 
1
5
 g

 
2
 

1
5
0
0
, 

1
5
5
0
 

0
.2

5
-

0
.7

5
 

0
.3

-1
 

M
. 
F

an
g
 e

t 
al

.[
8
8
] 

(2
0
1
4
) 

In
d
u
ct

io
n
  
 

N
a 2

O
-S

iO
2
 

N
a 2

O
/S

iO
2
=

0
-4

 
G

ra
p
h
it

e 
A

m
b
ie

n
t 

ai
r 

N
G

 
0
.5

-

2
.5

 

1
5
5
0
-1

7
5
0
 

0
.5

 
N

G
 

Y
. 
L

i 
et

 a
l.

[1
0
9
] 

(2
0
1
8
) 

In
d
u
ct

io
n
  
 

N
a 2

O
-S

iO
2
 

4
0
w

t%
N

a 2
O

-6
0
%

S
iO

2
 

G
ra

p
h
it

e 
N

G
 

N
G

 
0
.5

-

1
.5

 

1
6
0
0
 

0
.1

7
-1

 
N

G
 

T
ei

x
ei

ra
 a

n
d
 

M
o
ri

ta
[8

9
] 

(2
0
0
9
) 

R
es

is
ta

n
ce

  
 

N
a 2

O
-C

aO
-S

iO
2
 

N
a 2

O
=

0
, 
7
, 
1
0
w

t%
 

C
aO

/S
iO

2
=

1
.2

1
 

G
ra

p
h
it

e 
A

r 
3
 g

 
2
.2

 
1
5
5
0
 

1
 

1
.6

-2
.3

 

L
. 
Z

h
an

g
 e

t 
al

.[
1
1
0
] 

(2
0
1
3
) 

In
d
u
ct

io
n
  
 

N
a 2

O
-C

aO
-S

iO
2
 

1
0
w

t%
 N

a 2
O

, 
 

C
aO

/S
iO

2
=

0
.3

5
-1

.2
1
 

G
ra

p
h
it

e,
 

Q
u
ar

tz
 

A
r 

N
G

 
0
.2

 
1
5
0
0
 

1
 

2
.1

2
-5

.8
1
 

S
af

ar
ia

n
 e

t 
al

.[
9
0
] 

(2
0
1
5
) 

In
d
u
ct

io
n
  
 

N
a 2

O
-C

aO
-S

iO
2
 

5
w

t%
 N

a 2
O

, 
4
7
.5

%
C

aO
, 
 

4
7
.5

%
S

iO
2
 

G
ra

p
h
it

e 
A

r 
3
0
 g

 
 1

-3
 

1
6
0
0
 

0
.1

7
-2

 
2
.4

, 
2
.6

 

Y
. 
L

i 
et

 a
l.

[1
0
5
] 

(2
0
1
4
) 

In
d
u
ct

io
n
  
 

K
2
C

O
3
-C

aO
-

S
iO

2
 

2
0
w

t%
 K

2
C

O
3
, 

C
aO

/S
iO

2
=

1
 

G
ra

p
h
it

e 
A

r 
N

G
 

1
 

1
5
5
0
 

0
.2

5
-3

 
1
.9

 



 

5
4

 

J.
 W

u
 e

t 
al

.[
1
1
1
] 

(2
0
1
6
) 

In
d
u
ct

io
n
  
 

K
2
C

O
3
-C

aO
-

S
iO

2
 

5
-2

5
w

t%
 K

2
O

, 

C
aO

/S
iO

2
=

1
 

G
ra

p
h
it

e 
A

r 
4
0
 g

 
1
 

1
5
5
0
 

0
.5

-5
 

1
.1

7
-2

.0
8
 

Ja
k
o
b
ss

o
n
 a

n
d
 

T
an

g
st

ad
[1

1
2
] 

(2
0
1
8
) 

R
es

is
ta

n
ce

  
 

C
aO

-A
l 2

O
3
-

S
iO

2
 

3
6
-5

0
w

t%
C

aO
, 
1
0

-4
0
%

 

A
l 2

O
3
, 
1
1
-4

0
%

 S
iO

2
 

G
ra

p
h
it

e 
A

r 
1
5
 g

 
1
 

1
6
0
0
 

 6
-9

 
1
.3

3
-2

.0
8
 

J.
 L

i[
1
1
3
] 

(2
0
1
4
) 

In
d
u
ct

io
n
  
 

C
aO

-A
l 2

O
3
-

S
iO

2
-C

aF
2
 

1
0
-4

0
w

t%
 C

aO
, 
1
0

-1
5
%

 

A
l 2

O
3
, 
4
5
-7

0
%

 S
iO

2
, 
5
%

 

C
aF

2
 

G
ra

p
h
it

e 
A

m
b
ie

n
t 

ai
r 

N
G

 
0
.4

-1
 

1
8
0
0
 

0
.5

-2
 

1
.0

-2
.2

 

Jo
h
n
st

o
n
 e

t 
al

.[
1
1
4
] 

(2
0
1
0
) 

R
es

is
ta

n
ce

  
 

B
aO

-A
l 2

O
3
-

S
iO

2
 

2
5
-4

5
w

t%
 B

aO
, 

2
0
%

 A
l 2

O
3
, 

3
5
-5

%
 S

iO
2
 

A
lu

m
in

a 
A

r 
5
.5

 g
 

1
.4

 
1
5
0
0
 

2
 

0
.1

-0
.5

 

Ja
k
o
b
ss

o
n
 a

n
d
 

T
an

g
st

ad
[1

1
2
] 

(2
0
1
8
) 

R
es

is
ta

n
ce

  
 

M
g
O

-A
l 2

O
3
-

S
iO

2
 

2
3
w

t%
 M

g
O

, 
4
8
%

 S
iO

2
, 

 2
8
%

A
l 2

O
3
 

G
ra

p
h
it

e 
A

r 
1
5
 g

 
1
 

1
6
0
0
 

 6
-9

 
1
.8

 

Jo
h
n
st

o
n
 e

t 
al

.[
1
1
4
] 

(2
0
1
0
) 

R
es

is
ta

n
ce

  
 

C
aO

-M
g
O

-

A
l 2

O
3
-S

iO
2
 

I.
 3

5
w

t%
 A

l 2
O

3
, 
3
%

 

M
g
O

, 
1
5
-5

5
%

 C
aO

, 
7
-

4
8
%

 S
iO

2
 

II
. 
4
2
w

t%
 C

aO
, 
1
0
%

 

M
g
O

, 
1
5
-4

5
%

 A
l 2

O
3
, 
3

-

3
3
%

 S
iO

2
 

I.
 A

lu
m

in
a,

 

II
. 
M

g
O

 

A
r 

5
.5

 g
 

1
.4

 
1
5
0
0
 

2
 

I.
 0

.9
-1

.8
 

II
. 
1

-2
 

C
. 
Y

in
 e

t 
al

.[
1
1
5
] 

(2
0
1
1
) 

In
d
u
ct

io
n
  
 

N
a 2

O
-C

aO
-

A
l 2

O
3
-S

iO
2
 

5
5
w

t%
 N

a 2
O

, 
4
2

-4
5
%

 

S
iO

2
, 
0
-2

%
 A

l 2
O

3
 

G
ra

p
h
it

e 
N

G
 

1
0
 k

g
 

0
.1

-

0
.5

 

1
6
0
0
-1

7
5
0
 

0
-4

h
 

N
G

 

Y
. 
W

an
g
 e

t 
al

.[
1
1
6
] 

(2
0
1
4
) 

R
es

is
ta

n
ce

  
 

C
aO

-S
iO

2
-

C
aC

l 2
 

- 
G

ra
p
h
it

e 
A

r 
5
 g

 
2
 

1
4
5
0
 

1
2
 

0
.2

3
-2

.4
 

 

 
 



 

 

5
5

 

 

T
ab

le
 2

- 
7
. 

R
ev

ie
w

 l
is

t 
o
f 

li
te

ra
tu

re
 f

o
r 

sl
ag

 r
ef

in
in

g
 w

it
h
 s

il
ic

o
n
 a

ll
o
y

. 
A

u
th

o
r 

F
u

rn
a
ce

 

ty
p

e 

S
la

g
 s

y
st

em
 

A
ll

o
y
 

co
m

p
o
si

ti
o
n

 

C
ru

ci
b

le
 

ty
p

e 
 

G
a
s 

 

p
h

a
se

 

S
i 

S
ca

le
 

S
la

g
/

S
i 

m
a
ss

 

ra
ti

o
 

T
em

p
er

a

tu
re

  

(°
C

) 

H
o
ld

in
g
 

ti
m

e 

(h
) 

L
B
 

M
a 

et
 a

l.
[9

2
] 

In
d
u
ct

io
n
  

C
aO

-S
iO

2
-2

4
 m

o
l%

C
aF

2
 

0
-8

2
.4

 m
o
l%

 

S
n

 

G
ra

p
h
it

e 
A

r 
3
 g

 
3
 

1
4
0
0
 

1
8
 

2
.3

-2
0
0
 

J.
 L

i 
et

 a
l.

[1
1
7
] 

R
es

is
ta

n
ce

  
7
0
w

t%
 N

a 2
S

iO
2
-5

%
 C

aO
- 

2
5
%

 

S
iO

2
 

0
-5

0
 m

o
l%

 

S
n

 

G
ra

p
h
it

e 
A

r 
1
0
 g

 
 1

-2
 

1
4
5
0
 

0
.5

-3
 

N
G

 

A
l-

k
h
az

ra
ji

 e
t 

al
.[

1
1
8
] 

R
es

is
ta

n
ce

  
1
0
w

t%
 C

aC
l 2

, 
C

aO
/S

iO
2
=

0
.5

-2
 

2
5
w

t%
 S

n
 

G
ra

p
h
it

e 
A

r 
N

G
 

1
,2

 
1
5
0
0
 

0
-1

 
N

G
 

L
i 

et
. 
al

[1
1
9
] 

R
es

is
ta

n
ce

  
N

a 2
O

-C
aO

-A
l 2

O
3
-S

iO
2
 

7
0
 w

t%
 C

u
 

A
lu

m
in

a 
A

r 
1
 g

 
1
0
 

1
5
0
0
 

0
.1

7
 

0
.7

-4
6
.8

 

H
u
an

g
 e

t 

al
.[

1
2
0
] 

In
d
u
ct

io
n
  

C
aO

-S
iO

2
-C

aC
l 2

 
3
0
-7

0
w

t%
 C

u
 

G
ra

p
h
it

e 
A

m
b
ie

n
t 

ai
r 

5
0
 g

 
1
 

1
5
5
0
 

0
.5

 
N

G
 

Ja
k
o
b
ss

o
n
[1

2
1
] 

R
es

is
ta

n
ce

  
C

aO
-S

iO
2
 

0
-5

0
w

t%
 F

e 
G

ra
p
h
it

e 
A

r 
1
5
 g

 
1
 

1
6
0
0
 

6
 

2
.6

-3
 

K
ry

st
ad

 e
t.

 

al
[1

2
2
] 

R
es

is
ta

n
ce

  
C

aO
-S

iO
2
 

0
-8

5
w

t%
 F

e 
G

ra
p
h
it

e 
A

r 
4
 g

 
0
.5

7
 

1
6
0
0
 

0
-3

 
2
.4

-6
 

H
o
ss

ei
n
p
o
u
r 

et
 

al
.[

1
2
3
] 

R
es

is
ta

n
ce

  
C

aO
-A

l 2
O

3
-S

iO
2
 

2
0
w

t%
 F

e 
A

lu
m

in
a 

A
r 

5
 g

 
1
 

1
6
0
0
 

0
-8

 
0
.8

-1
1
.4

 

H
o
ss

ei
n
p
o
u
r 

et
 

al
.[

1
2
4
] 

R
es

is
ta

n
ce

  
C

aO
-A

l 2
O

3
-S

iO
2
 

2
0
w

t%
 F

e 
A

lu
m

in
a 

A
r 

5
 g

 
1
 

1
6
0
0
 

0
-8

 
L

P
: 

0
-

0
.1

1
 

   
 



 

2.3 Other refining techniques 

2.3.1 Solvent refining 

Solvent refining is a widely studied MG-Si purification technique that is done via alloying Si with 

another component to enable the solvation and followed by the re-solidification of Si from the molten 

alloy. Like the acid leaching technique, the basic principle of solvent refining is also to adjust the 

impurity segregation behaviour via alloying elements addition during Si solidification. To clarify here 

the main difference between the alloying leaching refining and the solvent refining, it is emphasized 

that in the leaching refining there is no other main metallic by-product, while in the solvent refining 

there is a main metallic by-product that can be later utilized or potentially recycled into the process. 

Moreover, as shown in Figure 2- 33, a unique marker and advantage of the solvent refining process is 

the low-temperature operation due to the addition of large amount alloying element. During the cooling 

process, primary Si is firstly precipitated and the impurities keep enriching in the remaining liquid 

phase that is becoming high with the solvent metal content. Subsequently, the purified Si obtained can 

be cleaned up via acidic solutions. 

Si-Al melt is the most studied solvent refining system since 1950s as firstly reported by Obinata 

and Komatsu[125]. The segregation behaviour of P in the Si-Al melt was investigated by Yoshikawa 

and Morita[126]. It was found that P segregation coefficient decreases with decreasing temperature, 

such as 0.12 (1373 K), 0.085 (1273 K), 0.061 (1173 K). It was also reported that with Ti addition into 

the Si-Al melt, B can be effectively removed due to the formation of TiB2 precipitates. As an example 

of the commercialized solvent refining process, the Silicor process produces SoG-Si through Si-Al 

solvent refining, followed by further HCl acid leaching of the precipitated Si flakes. The leaching by-

product AlCl3 is recycled commercially for wastewater treatment facilities, and the SoG-Si is obtained 

after remelting and solidification of the remained Si flakes to further remove the trace amount Al. In 

addition to Si-Al melt, a variety of other solvent refining systems were also developed recently with 

good purification performance such as Si-Sn, Si-Fe, Si-Cu, and so on.  Moreover, other minor alloying 

elements addition (like Ti, Zr, Hf etc.) were also been studied mainly for the improvement of B removal. 

Additionally, the solvation of Si melt at low temperature also makes solvent refining compatible to 

other separation techniques for instances, combined with directional solidification, electromagnetic 

solidification, and super gravity separation and so on. According to the similar principle between 

solvent refining and the acid leaching process (in primary Si grains precipitation), the literatures about 

solvent refining were also summarised in Table 2- 8. 

However, even though the solvent refining technique has exhibited promising features like low-

temperature operation and effective impurity removal, as the SoG-Si market becomes intensely price-

sensitive in these years, the required large amount of alloying metal addition is challenging to bring 

lower cost and higher Si yield. Moreover, the solvation of Si also requires restricted purity tolerance 

of the alloying metal, which should be another important issue to be considered. 
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Figure 2- 33. Schematic diagram of the solvent refining process.[127] 
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2.3.2 Directional solidification 

Directional solidification is another impurity segregation-based technique that 

highly efficient for the removal of metallic impurities in Si. Just as its name implies, it 

is performed during Si solidification with temperature gradient along a direction 

(usually from bottom to top), so that Si solidifies from one side to another side 

directionally and impurities are pushed and accumulated in the remaining liquid phase. 

Owing to the significantly low segregation coefficient of most of metallic impurities, 

the SoG-Si purity requirements could be fulfilled by repeating the directional 

solidification process.  

However, even though vast majority of metallic impurities could be removed by 

directional solidification, it is still inefficient for the removal of B and P as their 

segregation coefficients are high and close to 1.  

 

2.3.3 Vacuum refining 

Vacuum refining is an effective technique for the removal of volatile impurities 

in MG-Si (P, Zn, Mg, Ca, etc.). The fundamental principle of vacuum refining is based 

on the vapor pressure differences of the impurities at high temperatures compared to 

silicon. As can be seen in Figure 2- 34, a number of elements exhibit higher vapor 

pressure than Si in a wide temperature range, thus, the removal of such elements 

becomes possible. The vacuum refining efficiency of monoatomic evaporation of 

impurity i in dilute Si solution could be evaluated through the criterion[160]: 

𝛼 =
𝛾𝑖

0𝑝𝑖
0

𝑝𝑆𝑖
0 (

𝑀𝑆𝑖

𝑀𝑖
)

1
2

(2 − 26) 

where 𝑝𝑖
0 and 𝑝𝑆𝑖

0  are the vapor pressure of impurity i and pure Si at given temperature, 

𝑀𝑖 and 𝑀𝑆𝑖 are the atomic mass of impurity i and pure Si, 𝛾𝑖
0 is the Henrian activity 

coefficient of the impurity i. When 𝛼 > 1, it indicates that the impurity i can be 

completely removed from Si through evaporation, on the contrary, when 𝛼 < 1, it 

indicates that impurity cannot be removed from Si as the evaporation rate of Si 

becomes greater than the targeted impurity i. Additionally, if the value of 𝛼 closes to 

1, it indicates the evaporation rate of the two species are similar and the separation 

efficiency becomes limited. 

Practically, P is the main impurity that is removed by vacuum refining due to its 

higher vapor pressure than Si. The performance of vacuum refining is also affected by 

multiple factors such as the refining temperature, applied pressure, and the chemical 

composition of Si melt. 
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Figure 2- 34. Standard vapour pressure changes of pure substances against 

temperature.[161] 

 

2.3.4 Gas refining 

Gas refining is an efficient technique to remove B impurity in Si by blowing reactive gas 

(i.e. O2, H2, Cl2, H2O, CO2 etc.) into Si melt. During the refining process, B is oxidized as 

gaseous products like BO, B2O, BO2, B2O2, HBO, HBO2, BH2 etc., which are volatile and 

spontaneously removed from the melt. Additionally, the melt would be stirred by purged gas 

or other techniques so that the process of impurity reaction and desorption could be further 

accelerated.  

The oxidant gas can be blown into the melt through a lance or nozzle on the top of the 

melt surface or plugged in the bottom. The purification efficiency is also affected by the 

blowing gas types, flow rate, refining temperature, and time period. In principle, gas refining 

is a non-equilibrium process (as vacuum refining), thus, B concentration in Si could be 

infinitely reduced, however, it is also worth noting that parts of Si could be also oxidized as 

SiO gas or SiO2 and so some Si loss occurs.  

 

2.3.5 Plasma refining 

Plasma refining is a technique using plasma-activated reacting gas to convert B in Si melt 

to volatile compounds, like the gas refining, however, at higher temperatures and significantly 

different technology. The formation of plasma flame requires ultra-high temperature and leads 

to the ionization of the oxidizing gas like O2, H2, H2O to O, H, OH, O+, OH+, etc. in plasma 

flame so that to dramatically enhance their chemical reactivity. Accordingly, like gas refining, 

B in Si melt could be effectively converted into volatile species like HBO, HBO2, BO, B2O, 

BO2, and so on. 

The advantage of plasma refining is that the ultra-high temperature and chemical 

reactivity of ionized refining gas significantly benefits B removal in a short time. However, the 

plasma refining currently still requires expensive equipment and only suitable for small scale 

Si refining.  
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2.3.6 Electron beam melting 

Electron beam melting is a technique to remove volatile impurities such as P, Al, and Ca 

from molten silicon heated by electron beam radiation. This technique also takes advantage of 

vacuum refining as the pressure can be pumped to less than 10-4 Pa[162]. Additionally, the 

formation of localized molten pool results in a convective, which further promotes the P 

evaporation.[163] 

Due to the low vapor pressure of B, the electron beam melting technique is not suitable 

for B removal. Therefore, it can be coupled with the plasma refining, known as the NEDO 

melt-purification process[164]. Even though unique heating characteristics benefits in a short 

heating time of the radiated area, however, it still needs further investigation related to the 

feasibility on larger production scale.  
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Chapter 3 

Research methodology 
 

Both the experimental and theoretical methods that were applied in this thesis are described 

in this chapter. 

 

3.1 Experimental  

The used materials for making silicon alloys with the refiner metals are described. Moreover, 

the applied leaching and slag refining techniques to treat typical high Si alloys are presented.   

3.1.1 Raw materials 

The two types of Si sources were used in this work, respectively, commercial MG-Si (99.5% 

purity) and ultra-high purity Si produced from the fluidized bed reactor process (FBR-Si). Two 

batches of MG-Si were used (Batch 1 for paper 1-2 and Batch 2 for paper 3-7). Their measured 

compositions are listed in Table 3- 1. The FBR-Si was used to minimize the influence of other 

minor impurities in MG-Si and attain a lower P impurity concentration at several ppmw levels. 

The MG-Si and FBR-Si mixing ratio was fixed as 40% MG-Si and 60% FBR-Si for all the 

alloys.  

High purity Mg-rod (99.8% purity, Alfa Aesar), and granular Ca (99% purity, Sigma 

Aldrich) were employed as the alloying metal sources. Considering the higher volatility of Mg 

at high temperature, it was doped into Si after melting, while Ca granulates were directly 

charged with Si before heating. For the preparation of other alloying system, the used alloying 

metals are reagent grade Al, Ti, Y, Sn with confirmed low B and P content. 

 

Table 3- 1. Measured composition of MG-Si used in this study. 
Sample B P Mg Ca Al Fe Ti Mn 

Batch 1 46.2 15.8 9.6 266.7 2548.0 3167.5 299.8 70.4 

Batch 2 42.5 14.8 10.7 331.7 1859.7 2723.9 218.2 23.2 

 
Graphite and alumina crucibles were used for the alloy making. The used high-density 

isotropic graphite crucibles (cylindrical shape with inner diameter: 70 mm, outer diameter: 85 

cm, height: 150 mm) were supplied by Svenska Tanso AB. The graphite crucible was 

manufactured through hot static pressing with a density 1.77 g/cm3. The documented thermal 

conductivity is 116 W/m-1⋅K-1 and with also other good mechanic properties such as tensile 

strength 25.5 MPa, compressive strength 78.4 MPa, and elasticity 9.8 GPa. In the experiments, 

the graphite crucible was mainly used for the Si-Ca-Mg alloys preparation and master slag 

preparation. 

The used Alsint alumina crucible (cylindrical shape with inner diameter: 26 mm, outer 

diameter: 30 mm, height: 40 mm) was supplied by CoorsTek, Inc. with a. purity 99.7%, density 

3.98 g/cm3, and gas tight level permeability. Around 12-gram materials were charged in the 

experiments making Ca-based Si-Ca-Al (Ti, Y) alloys. 
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Figure 3- 1. Raw materials used for the Si-Ca-Mg alloys preparation. 

 

3.1.2 High-temperature furnace and its operation 

The induction furnace operates with manual heating control and a maximum heating 

temperature of up to 2000 °C. The vacuum limit inside the furnace chamber reaches lower than 

1.3 × 10−5 bar. A swing handle is installed to support the casting operation that pours the melt 

into a water-cooled copper mold. 

During the experiments, a high-density isotropic graphite crucible was placed inside the 

induction coil and covered by carbon wool and mica roll. A type-C thermocouple was inserted 

into alumina tube and further placed in the graphite crucible through a graphite tube as 

protection for the temperature control. Before heating, the furnace was evacuated to 10-1 mbar 

and refilled to 1 bar with continuous high purity Ar flow (+99.999% purity) three times. 

Crucibles were later on heated to 1500 °C and held for target time period to make sure the 

sample is completely melted and homogenized by the electromagnetic force induced stirring. 

The generated off-gas leaves the chamber through gas outlet with the continuously purged high 

purity Ar flow. After melting, samples were cooled down in the crucible or directly casted into 

the water-cooled copper mold. 

 

Ca granule
(Sigma-Aldrich, 99%)

Mg piece
(Alfa Aesar, 99.8%)

FBR-Si
(EG grade)

MG-Si
(99.5%)
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Figure 3- 2. Setup of the induction furnace and its affiliated parts. 

3.1.3 Acid leaching procedure 

As shown in Figure 3- 3, the obtained Si bulk alloys were firstly crushed to lumps using a 

hammer. All materials were handled using sealed plastic bags and nitrile gloves to prevent 

contamination. The crushed Si alloys were further milled in a ring mill to the target particle 

sizes (0.2-1 mm for Si-Ca-Mg alloys, 0.6-1 mm for Si-Ca-Al (Ti,Y) and Si-Sn alloys) using 

Retsch Vibratory Disc Mill RS200 with the tungsten carbide sets. Before milling, the FBR-Si 

was first crushed by the tungsten carbide sets three times to avoid unexpected contamination. 

  

An ultrasonic bath and hot plate with magnetic stirring were employed for the acid leaching 

experiments. In the ultrasonic leaching, 1-2 g Si alloy particles were charged into 

perfluoroalkoxy alkane (PFA) bottles and further filled by 10 mL acid solution. By using the 

magnetic stirring leaching, the sample 20-40 g Si alloy particles were charged into beaker and 

with 100-200 mL acid solution addition. The stirring speed was fixed at 200 rpm for all 

leaching trials. The leaching temperature of the two devices was manually calibrated by the 

same mercurial thermometer. The leached samples were then washed three times by deionized 

water and ethanol. 

Power switch

Vacuum pump

Control panel

Thermal couple

Gas outlet

Induction coil

Power source

Pressure indicator

Temperature indicator

Inlet gas flow 
controller

Water-cooled 
copper mold

Control panel

Crucible with
mica roll
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Figure 3- 3. Procedure of acid leaching and used equipment. (a) milling process, (b) 

ultrasonic bath, (c) hot plate with magnetic stirring.  

 

3.1.4 Slag refining procedure 

As shown in Figure 3- 4, the slag refining experiments were performed using the mixture 

of Si-10wt% Sn alloy and different master slags. The Si-Sn alloy was obtained through the 

melt-casting procedure as introduced above by mixing MG-Si and high-purity Sn in a dense 

graphite crucible. 

 

The CaO-SiO2 master slag was obtained by mixing the reagent grade CaO powder (99.9% 

purity, Sigma-Aldrich) and ultra-high purity SiO2 fines from The Quartz Corp with an 

equimolar ratio in a graphite crucible that followed by the same melt-casting approach in the 

induction furnace as well. The master slags were also milled by the tungsten carbide ring mill 

to fine powders and then re-melted with 2wt% and 10wt% reagent grade La2O3 powder (99.9 

pct purity, Sigma-Aldrich) addition. All the obtained materials were milled to fine powders for 

homogenization before using in slag refining experiments. 

In the slag refining trials, 20 g Si-10 wt% Sn powders and 20 g slag powders were mixed 

into the dense graphite crucible and further placed inside the induction furnace chamber. The 

refining temperature was measured by a type C thermocouple and fixed at 1600±20 °C for 1 h 

in association with the electromagnetic stirring, and then cooled down to the room temperature. 

After experiments, samples were cut longitudinally for further metallographic analysis and 

ultrasonic acid leaching experiments. 

Obtained alloy 
with graphite 

crucible

Ring mill (Tungsten carbide) Obtained Si alloy particles after milling

Particle size: 0.2-1 mm Particle size: <0.2 mm

(b) (c)

(a)
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Figure 3- 4. Experimental procedure of slag refining and obtained samples. 

 

3.2 Analysis and test methods 

The applied materials characterization methods in the present research are shortly described 

as follows. 

3.2.1 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

ICP-MS is a type of mass spectrometry for elemental analysis and capable for detection of 

most of the elements in periodic table with high precision and sensitivity at the level of parts 

per billion. Samples are introduced in liquid and further decomposed to its constituent elements 

and transformed into ions by the ionization source named inductively coupled plasma, which 

generates ultra-high temperature of approximately 8000 °C. The generated ions are then 

introduced to the mass spectrometer for measurement with extremely high sensitivity and up 

to 70 elements can be determined simultaneously in a single sample analysis.  

In the presented work, high-resolution ICP-MS (Agilent 8800) was employed to measure 

the impurities content to ensure a low detection limit. The workflow of ICP-MS sample 

preparation mainly consists of the following three steps: Firstly, weighing sample with target 

amount (30 to 60 mg) using high-precision balance and clean PFA bottles. Secondly, digestion 

of weighted samples through specific acids combination (1.5 mL HNO3 (69%) + 0.5 mL HF 

(40%)). Thirdly, further dilution of the digested solution using ultrapure water to around 200 

mL and then filled in specific clean tube for ICP-MS analysis.  

 

In order to obtain accurate and reliable results with impurity content at ppmw levels, both 

the sample preparation and measurement follow restrict and standardized rules for all samples 

in the lab.  Every Si sample was measured at least two parallels for average and the NIST 57b 

Si powder sample was used as the reference material. In the digestion procedure, electronic 

grade acid mixture of HF and HNO3 were employed and carefully added by droplets into clean 

PFA bottles. The PFA bottles are only used for Si sample digestion and cleaned by ultra-pure 

deionized water at least three times before and after use. The digestion of Si samples lasts at 

least 6 hours to make sure all Si particles fully dissolved, and no remaining solids or 

precipitations could be observed by naked eyes. The digested solution was further carefully 

diluted by ultrapure deionized water for ICP-MS measurement. 
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3.2.2 Scanning Electron Microscopy (SEM) 

SEM is commonly used in materials science and engineering for the micro-scale topography 

observation and often coupled with energy dispersive x-ray spectroscopy (EDS) to detect 

chemical composition on the sample surface. As the name suggests, the SEM produces images 

by scanning the sample surface with a focused electron beam in a vacuum chamber as 

schematically illustrated in Figure 3-5. The electrons interplay with sample surface and results 

in the excitation of different signals for detection such as secondary electrons, backscattered 

electrons, and characteristic X-rays. Characteristics X-ray for EDS analysis can be collected 

from points or areas of the sample (depending on the size of the phases) and the technique was 

used to identify approximate chemical compositions of the co-existing samples in this study. 

  

 
Figure 3- 5. Sketch of the working principles of SEM and EDS.[165] 

 

In this work, the microstructure of obtained Si alloys was investigated by field-emission 

scanning electron microscopy (LVFSEM, Zeiss Supra 55VP) with installed energy-dispersive 

X-ray spectrometers (EDX). Before the observation, samples were mounted in EpoFix cold-

setting resin and further ground and polished using Struers automatic grinder and polisher 

(RotoPol-31). Carbon coating was also applied to improve the electrical conductivity of the 

samples surfaces (to prevent electron charging over the surface in SEM) using SEM Turbo 

Coater (AGB7230). 

3.2.3 Electron Probe Micro-Analyzer (EPMA) 

EPMA is a microbeam instrument used for non-destructive elemental analysis of micron-

sized volumes on sample surface. It fundamentally shares the same principle as SEM but with 

advanced capability for quantitative chemical analysis by wavelength-dispersive spectroscopy 

(WDS). 

In this work, JXA-8500F was used for the high-resolution elemental mapping and the 

precipitate composition was measured through the WDS. The acceleration voltage was set as 

15 kV with a probe current 9.9 × 10−9 A. The advantage of WDS in EPMA compared to EDS 

is the more accurate chemical composition measurement and also the possibility to analyze 

more fine phases, i.e. about one micron and larger. 
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3.2.4 Secondary Ion Mass Spectrometry (SIMS) 

SIMS is a surface destructive technique to analyze the composition of solid materials by 

sputtering primary ions over the sample surface. The ejected secondary ions are further 

collected and measured by mass spectrometer which provides in-depth distribution analysis of 

trace elements with a detection limit down to ppb level.  

In this work, 2D elemental distributions were measured by SIMS using CAMECA IMS 7f 

microanalyzer. The measurements were performed in the imaging mode using 15 keV Cs+ ions 

as the primary beam for Si-Mg sample and 10 keV O2+ for Si-Sn sample. The primary beam 

rastered over an area of  500 × 500 μm2. A typical scanning result is presented in Figure 3-6. 

 

 
Figure 3- 6. Typical example of SIMS elemental mapping results shown by a studied Si-Ca-

Mg alloy (sample CM1-Casted in paper 4) with presented signals of Ca+Si, Mg+Si, and P. 

3.2.5 Electron Backscatter Diffraction (EBSD)  

EBSD is a microstructural-crystallographic characterization technique used to perform 

quantitative microstructural analysis, grain size and orientation analysis. In this work, the 

crystallographic properties were also measured using NORDIF system. The EBSD scan was 

conducted in a Quanta 650 scanning electron microscope (SEM, ThermoFisher Scientific Inc.) 

operated at an accelerating voltage of 20 kV, an aperture of 100 μm and a spot size of4.0. The 

working distance was about 20 mm for the 70° pre-tilt specimen, and the dynamic focus in the 

SEM was adopted to improve the focal distance over a relatively large probe area of about 1.2 

× 1.2 mm2. A typical EBSD mapping results can be seen in Figure 3-7. 

 

PMg+SiCa+Si
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Figure 3- 7. Typical EBSD crystallographic mapping results shown by studied Si-Ca-Mg 

alloys (a) sample CM1 in paper 4, (b) sample CM1-Casted in paper 4, where the colored 

regions indicate Si phase and the white regions are precipitates. The color-coded according to 

the legend in the bottom-right corner. The lines presented indicate grain boundaries of Si. 

3.2.6 Particle size distribution test 

The particle size distribution of studied Si materials was measured by laser scattering 

particle size distribution analyzer Horiba Partica LA-960. The measured particle size ranges 

between 10 nm to 5 mm. Si particles were dispersed in deionized water and their sizes measured 

by the laser scattering technique. The refractive index value of pure Si is adopted for analyzing 

Si-rich alloy samples as an approximation since the real value should be reasonably close to 

the adopted value. The particle size measured by laser scattering is usually larger than the 

sieving particle size, as it is the diameter of a sphere with the particle’s equivalent volume and 

the sieving particle size is the minimum diameter passing through the sieve aperture. 

 

3.3 Computational methods 

3.3.1 FactSage software 

 FactSageTM is a thermochemical software and thermodynamic database developed through 

decades-long cooperation between Thermfact/CRCT (Montreal, Canada) and GTT-

Technologies (Aachen, Germany). Based on the advanced Gibbs Energy minimization routine, 

FactSage provides the calculation for multiphase, multicomponent materials under a large 

range of constraints. The FactPS,  FTlite, FToxid database in association with the SINTEF 

database developed by Kai Tang et al.[166] were used for the relevant calculations in this work. 

 

3.3.2 Molecular dynamics simulation 

Molecular dynamics (MD) simulation is a computational simulation approach that deals 

with atoms and/or molecules movements using basic physics laws and the empirical force field 

to describe the interaction between them. It overcomes the shortcomings of high-temperature 

experiments and facilitates the study of molten slags at atomistic scale. 

(a) (b)
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In this work, LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)[167] 

was employed for the MD simulations of slag properties. LAMMPS is an open source code 

developed by Sandia National Laboratories and has been widely used in MD simulations. It 

models an ensemble of particles in a liquid, solid, or gaseous state, and atomic, polymeric, 

biological, metallic, granular, and coarse-grained systems using a variety of force fields and 

boundary conditions. In the most general sense, LAMMPS integrates Newton’s equations of 

motion for collections of atoms, molecules, or macroscopic particles, from a few up to millions 

or billions, that interact via short- or long-range forces with a variety of initial and boundary 

conditions.  
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Chapter 4 

Conclusions and future work  
 

4.1 Conclusions 

The work performed in this thesis focused on the experimental and theoretical investigation 

of the alloying effect on the phosphorus removal from silicon by acid leaching and on the 

boron removal by slag refining with silicon alloys. Based on a large amount of published 

literature in this area and the preliminary research at the NTNU research team, a number of 

Si alloy systems were studied and documented in this thesis, such as the Si-Mg, Si-Ca, Si-

Ca-Mg, Si-Ca-Al, and Si-Sn systems. The research conducted in this thesis also serves as a 

stepping-stone towards more sustainable production of SoG-Si feedstock from the 

metallurgical route. The conclusions of each research part are summarized below: 

Silicon purification by Si-Mg alloying-leaching system: 

Mg alloying has a significant effect on the microstructure of MG-Si by forming various 

impurity-bearing phases embedded inside the Mg2Si eutectic precipitates. Phosphorus 

segregation is also enhanced and validated by SIMS elemental mapping. Results of acid 

leaching experiments indicated that Mg is an efficient impurity getter, especially for P 

removal. Leaching efficiency is slightly dependent on acid concentration, and 10% HCl was 

found as the optimum. In a two-times Mg alloying-leaching process, P concentration was 

reduced from 15.1 ppmw to 0.2 ppmw. Based on Gulliver-Scheil solidification, further 

thermodynamics analysis revealed that P removal by the alloying-leaching process could be 

described by a two-parameter analytical model for arbitrary binary Si alloy system where 

alloy concentration and the first order interaction coefficient between the alloying element to 

P play a dominant effect. Combined with the obtained leaching results and P removal model, 

the interaction coefficient εMg
P  was estimated as -10.8 and further confirmed the P affinity of 

Mg. A process window model was also proposed by establishing the mathematical 

relationships among initial P concentration, target P concentration after purification, alloying 

metal concentration, and the alloying-leaching operation times. 

Silicon purification by Si-Ca-Mg alloying-leaching system: 

The novel Si-Ca-Mg ternary alloying-leaching system exhibits a cleaner leaching process 

due to the formation of the ternary precipitate Ca7Mg7.5±δSi14. The leaching of the Si-Ca-Mg 

alloy avoids the disadvantages of viscous byproducts formation in the Si-Ca system and 

sparks in the Si-Mg systems. In the comparative study of the  Mg, Ca, and Mg–Ca additions 

on the alloying-leaching process, the Si-Ca system has the highest impurity removal 

efficiency, fastest leaching kinetics, but lowest Si recovery due to the strongest cracking 

effect; the Si-Mg alloy system achieved the highest Si recovery but with the lowest leaching 

kinetics and impurity removal efficiency. The Si-Ca-Mg alloy system introduces a more 

sustainable feature with good leaching kinetics, high impurity removal, high Si recovery, 
and no additional solid byproducts formation. The leaching kinetics of Si-Mg and Si-Ca-

Mg alloys was found to follow a modified Kröger-Ziegler model based on the cracking-

shrinking principle.  

In the parametric study of the novel Si-Ca-Mg ternary alloys with varying Ca/Mg mixing 
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ratio and solidification conditions, Ca7Mg7.5±δSi14 was found as the main phase in all studied 

Si-Ca-Mg alloys, while the Mg2Si phase appears in high-Mg sample and the CaSi2 phase 

appears in high-Ca sample. Purification efficiency of P and other impurities increase with 

increasing Ca/Mg mixing ratio but considerably decreases with fast cooling due to the 

suppressed impurity segregation. HCl is found as the most economical leaching agents among 

the studied combinations. Finer particle size promotes higher leaching efficiency, but the 

increment narrows with increasing Ca/Mg ratio. The P removal model for the ternary Si-Ca-

Mg system was developed and was found in good agreement with the leaching results.  

Silicon purification by Si-Ca-Al (Ti, Y) alloying-leaching system: 

P removal degree was found to increase with increasing Ca/Al mixing ratio and increasing 

total alloying amount (Ca+Al), while the addition of Ti and Y only slightly improves B 

removal. Alumina crucible was therefore not recommended for Ca-based Si alloy preparation 

as it will react with Ca to contaminate the alloy and reduce the final P removal degree to a 

large extent. Through the established P removal model for the Si-Ca-Al refining system, the 

average interaction coefficients between P and Ca, Al are fitted as 𝜀𝐶𝑎
𝑃 = −19.2 and 𝜀𝐴𝑙

𝑃 =
−1.8, which further confirms Ca concentration in the liquid phase is the essential driving 

force for P segregation. The possible formation of P solid solution was verified by first-

principle simulations, and further revealed that CaAl2Si2 exhibits higher P solubility than 

CaSi2 phase, which explains the reason of the high P concentration observed in CaAl2Si2. 

Silicon purification by CaO-(La2O3)-SiO2 slag refining of Si-Sn alloy: 

Both La2O3 addition in slag and Sn addition in silicon improved B removal by slag refining. 

The LB values readily increased from 2.93 in binary CaO-SiO2 slag system to 3.33 and 3.65 

with 2 wt% and 10 wt% La2O3 addition. Slag treatment also improved the B and P removal 

in the following acid leaching process. A novel defined oxygen classification method was 

proposed to distinguish the different behaviour of Ca and La in slags. It was found that La3+ 

plays the role of a typical network modifier with a coordination number of around 6.5. It 

mainly appeared in the depolymerized region and connected with NBO which requires the 

co-appearance of Ca for charge compensation. The proposed method is also suitable for the 

analysis of other slag systems containing multiple network modifiers. A thermodynamic 

model was derived to describe the alloying effect on impurity distribution in the slag refining. 

It was found that the slag refining performance affected by multiple factors, respectively, the 

concentration of alloying element, activity coefficient of Si, the valence of the impurity, and 

the interaction coefficient of the alloying element to the target impurity, where the positive 

interaction coefficient and high alloying concentration are preferred for improved impurity 

removal.  

 

4.2 Future work 

There are still several aspects and open questions concerning the silicon purification by 

acid leaching and slag refining need further investigation. 

• Since the small-scale laboratory work of the novel Si-Ca-Mg alloys has shown 

attractive features, thus, larger-scale verification would be necessary for the potential 

industrial application.  Further investigations are also required on the optimum 

solidification conditions of the Si-Ca-Mg alloys. 

• Combination of CaO-MgO-SiO2 slag refining and Si-Ca-Mg alloying-leaching would 

be necessary to be investigated. 
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• It would be necessary to investigate if the sparks issue of the leaching of Si-Mg binary 

alloys could be reduced or eliminated under other special leaching methods or 

conditions. 

• Phosphate solid solution can be formed in Ca2SiO4 with high solubility. Therefore, it 

may be worth to investigate the possibility of multi-phase slag refining by introducing 

the solid Ca2SiO4 phase in a proper way to further improve phosphorus removal. 

Similar principle may also apply for enhanced boron removal by slag refining, which 

also needs further investigation. 

• Despite the disordering nature, the measured structure of quenched glassy slag at room 

temperature still differs from its molten state. Thus, current experimental 

investigations of boron behaviour in slags remain with unavoidable uncertainties since 

boron coordination is also sensitive to temperature. Therefore, more high-temperature 

experimental measurements and computational simulations would be necessary to 

further understand the local structural environment of boron in molten slags. It is also 

worth further understanding how the different boron coordination affects its structural 

role and thermodynamic properties in molten slag. 
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Inductively Coupled Plasma-Mass Spectroscopy (ICP-

MS) before acid leaching, results are shown as Table II. 

 

Table II: Composition of MG-Si and Mg doped MG-Si by 

ICP-MS analysis. 

 

Impurity MG-Si Alloyed MG-Si 

B 46.2 42.4 

P 15.8 15.6 

Mg 9.6 44879.4 

Ca 266.7 282.0 

Ti 299.8 204.0 

Fe 3167.5 2281.0 

Al 2548.0 1744.0 

Mn 70.4 53.9 

Zr 10.7 7.0 

 

 

2.2 Leaching and impurities analysis 

 The Mg doped MG-Si and raw MG-Si were leached 

by 10% HCl at the temperature of 60°C and 80°C within 1 

hour. Totally 4 samples were made to understand the 

effects of different process parameters. All the leaching 

trials were performed in an ultrasonic bath. The samples 

after leaching were washed by distilled water and ethanol 

and then dried at 80°C. 

Samples after leaching were also analyzed by ICP-MS 

for the impurities determination. Ultra-fine particles were 

separated and removed by a 50 microns sieve after drying 

in order to reduce the interference of metallic impurities. 

 

 

3 RESULTS AND DISCUSSION 

 

3.1 Effects of Mg doping on Si microstructure 

The leaching effect of with and without Mg doping on 

Si microstructure was studied by SEM shown as Figure 1.  

 

 
(a) Microstructure of precipitates in MG-Si 

 

 
(b) Microstructure of precipitates in Mg-doped Si 

 

Figure 1: SEM images of (a) MG-Si and (b) Mg-doped 

MG-Si. 

 

 It can be seen that the observed main phases in MG-Si 

are FeSi2, Si-Fe-Ti, Si-Ca-Al-Fe, Si-Mg-Al-Fe, 

respectively. All these phases are Fe-bearing silicides and 

known as poor leachability. However, with the addition of 

Mg into MG-Si, it was found that the eutectic Mg2Si 

becomes the dominant precipitated phase. The Fe-bearing 

silicides were embedded inside the Mg2Si phase. It is 

known that Mg2Si has a high reactivity with mineral acids. 

Thus, when the dominant Mg2Si phase removed by acids 

during leaching, the poorly leachable Fe-bearing phases 

could be carried away at the same time. This feature offers 

an opportunity to enhance the leaching efficiency. 

  

3.2 Effects of leaching time 

The effects of leaching time on different impurities in 

Mg al ed Si a  80 C i  h  a  Fig e 2. It can be seen 

that with the increasing of leaching time, the concentration 

of nearly all the impurities are decreased except B. More 

than a half of metallic impurities like Fe, Al, Mn, Ti were 

effectively removed after 1 hour leaching. It is also worth 

noting that the P removal is beyond 90%, which is 

problematical to be removed by conventional acid 

leaching of raw MG-Si. This result may suggest the 

formation of some complex magnesium phosphide 

compounds in the precipitate phase. The reason of no B 

removal during acid leaching might due to the high 

segregation coefficient of B in Si, which makes majority 

of B stay inside the Si grain and locked by the dislocations. 

 

 
Figure 2: Time dependence of impurity concentration of 

Mg-doped Si during 10% HCl acid leaching at 80℃ in 

ultrasonic bath. 

 

In addition, it can be observed that the removal of 

impurities can be divided into two stages; a fast removal 

stage in the first 30min, which indicates a chemical 

reaction control mechanism followed by a slow removal 

stage after 30 min, which is believed to be a diffusion 

controlled stage.  

 

 Detailed comparison of leaching performance of MG-

Si and Mg-doped Si can be seen from Figure 3 in the 

following section. 

 

3.2 Impurities after leaching 

 The remained impurity concentration of 4 different 

leaching conditions are shown as Figure 3, detailed data 

can be seen from Appendix Table I. It is clear that after 

Mg-doping, the remained concentrations of most 

impurities distinctly reduced. It is also worth noting that a 
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great number of Mg impurity remained for Mg doped MG-

Si leaching. This might be the reason that some amount of 

Mg2Si precipitates close to Si grain boundaries were not 

completely removed within 1 hour leaching. In addition, it 

can be seen that for the conventional problematic P 

removal in MG-Si leaching, Mg-doping exhibits a 

promising potential to significantly remove P impurity 

amount as high as more than 90%.   

 

 

Figure 3: Remained impurities concentration after 1h 

leaching. The five bars from left to right respectively 

denotes the concentration of raw MG-Si, MG-Si after 

leaching at 60℃, MG-Si after leaching at 80℃, Mg-

doped Si after leaching at 60℃,  and Mg-doped Si after 

leaching at 80℃. The X-axis presents different impurity 

elements, while the Y-axis presents impurity level from 

0.1 to 100000 ppmw. 

 

 The impurity removal degree is also calculated in 

order to compare the purification ability under different 

conditions. The results can be seen as Figure 4, detailed 

data seen from Appendix Table I. The calculation of 

specific impurity i based on ICP-MS analysis shown as: 

𝑅𝑒 𝑚 𝑜𝑣 𝑎𝑙 𝑑𝑒𝑔 𝑟 𝑒𝑒
𝑐 − 𝑐

𝑐
×100%  

where 𝑐  and 𝑐  denotes the initial impurity 

concentration and final concentration. 

 

Figure 4: Remained impurities concentration of MG-Si 

and Mg-doped Si samples after 1h acid leaching by 10% 

HCl at different temperature in ultrasonic bath.  

 

 Owing to the Mg addition, more impurities are 

removed with the assistance of highly acid reactive Mg2Si 

during leaching as well as the P removal. Additionally, 

higher temperature is in favor of impurity removal by 

enhancing the reaction kinetics. Therefore, a simple 

leaching efficiency order can be obtained as MG-Si 

(60℃)< MG-Si (80℃) <Mg-doped Si (60℃) <Mg-doped 

Si (80℃) from Figure 4, where the leaching of Mg-doped 

Si at 80℃ shows the highest impurities removal degree in 

present work. 

 

 

4 CONCLUSIONS 

 

 A commercial MG-Si was doped with 4.5 wt% Mg and 

leached by 10% HCl with different leaching temperature. 

The leaching behaviour of different impurities were 

studied and the following conclusions have been obtained: 

(1) Longer time and higher temperature benefits the 

impurities removal. A faster chemical control 

impurity removal stage and a slow diffusion 

control impurity removal stage were observed. 

(2) Mg doping of silicon effectively improved the 

leaching efficiency for metallic impurities as well 

as the P removal due to the precipitated acid 

reactive Mg2Si eutectic phase. 
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Abstract 

Metallurgical-grade silicon (MG-Si) purification through metal alloying combined with 

acid leaching is a feasible technique with low-cost and low energy consumption features. 

To improve the impurities removal efficiency, especially for the removal of B and P, the 

present work was carried out to study the effects of Ti and Y addition on the impurities 

removal in acid leaching of Ca-doped  silicon. Commercial MG-Si was mixed with 4 wt% 

reagent grade Ca and specific amounts of Ti or Y, the mixture was then melted, and then 

was slowly solidified and cooled down. Obtained alloys were further crushed to specific 

particle size (0.1-0.6 mm). Acid leaching trials were performed with 10%HCl at 60 °C 

under ultrasonic mixing. The concentrations of the impurities of the obtained ternary Si 

alloys and the leaching products were characterized by inductively coupled plasma mass 

spectrometry (ICP-MS). Electron microscopy examination indicates that the main 

precipitates in Si-Ca-Y alloys are silicides such as CaSi2, YSi2, CaAl2Si2, and Al-Fe-Y-

Si phase, and they are distributed between the primary silicon grains. In the Si-Ca-Ti 

alloys, however, the main silicide precipitates are CaSi2, TiSi2, CaAl2Si2, and FeTiSi2. In 

both cases, the main impurities, such as P and Fe, are concentrated in specific silicides. 

After leaching, it was found that Ti and Y exhibit relatively equivalent P removal ability 

with both around 75% removal, but the Si-Ca-Y alloys show 20% B removal, which is 

higher than that of the Si-Ca-Ti alloy with 10% B removal. 

 

Introduction 

There have been significant efforts devoted to the reduction of energy consumption and 
the carbon footprint of the solar-grade silicon (SoG-Si) production in the photovoltaic 
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Figure 1: Microstructure of obtained alloys (a) Si-Ca-Ti, (b)Si-Ca-Y, and the 

characterized secondary precipitates between primary silicon grains. 

 

It can be seen that the main abundant precipitated secondary phase in the Si-Ca-Ti alloy 

is CaSi2. No ternary Ca-Ti-Si intermetallic phase is observed, and a number of TiSi2 

islands (more globular) were found embedded inside and out of the CaSi2 precipitates. 

Compared to the morphology of the TiSi2 phase observed in the binary Ti-Si system 

obtained by Johnston et al.[22], the TiSi2 phase is more spherical rather than the irregular 

shape reported [22].  Additionally, the Ti-Fe-Si phase was found to surround the TiSi2 

phase to form either TiFeSi2 compound or a (Ti,Fe)Si2 solid solution. This also indicates 

a strong affinity between Ti and Fe in the Si melt. It is worth noting that a large amount 

of CaAl2Si2 phase with needle shape was found to be distributed in the CaSi2 phase, which 

is attributed to small corrosion of the alumina crucible surface, in addition to small Al in 

the original MG-Si. This is found by comparing the compositions of materials in Table 1. 

 

To the best knowledge of the authors, there have been no studies about the microstructure 

of the Si-Ca-Y alloy system. In the present work, it can be seen that the distribution of Ca 

and Y in the secondary precipitated phases has a conjugated composition gradient.  The 

center part of the Si-Ca-Y phase is more bright, indicating more Y, and YSi2 phase 

enriched with around 5at% Ca, and this area is surrounded by a (Ca,Y)Si2 solid solution 

with less Y, i.e., 5-10at% Y. The reason for this unique microstructure may be the known 

Hume-Rothery rules that Ca and Y to form interstitial solid solution since they sit near 

with each other in the periodic table, and consequently, show similar atomic radius and 

electronegativity. The slow cooling during the alloy making may also have a positive 

effect on this phenomenon. The CaAl2Si2 phase was observed in between the Si-Ca-Y 

precipitates, indicating the deposition of these phases most likely upon eutectic reaction. 

The segregation behaviour of Fe impurity is significantly affected by the Y addition, and 
an Al-Fe-Y-Si intermetallic phase was observed, while neither FeSi2.4 nor the FeTiSi2 

phase was formed, which usually exist along the grain boundaries of the MG-Si. 
 



 

 

143 

 



 

144 

Table 1: Measured composition of major impurity in Si-Ca-Ti alloy by WDS. 

Phase 
Composition (at%) 

Si Ca Al Fe Ti 

CaSi2 66.20±0.12 32.87±0.12 0.78±0.04 0.04±0.01 0.09±0.05 

CaAl2Si2 40.78±0.25 19.24±0.04 39.61±0.26 0.07±0.02 0.14±0.07 

TiSi2 66.03±0.19 0.32±0.07 0.21±0.11 0.10±0.06 33.31±0.16 

TiFeSi2 48.80±0.36 0.64±0.05 2.10±0.21 24.92±0.23 24.92±1.74 

(Ti,Fe)Si2 63.18±0.27 0.45±0.05 0.45±0.27 8.22±0.16 27.28±0.66 

 

Table 3: Measured composition of major impurity in Si-Ca-Y alloy by WDS. 

Phase 
Composition (at%) 

Si Ca Al Fe Ti Y 

CaSi2 65.73±0.07 33.20±0.07 0.76±0.09 0.02±0.02 0.01±0.01 0.25±0.03 

CaAl2Si2 40.50±0.12 19.06±0.09 38.96±0.10 0.04±0.00 0.00±0.01 0.32±0.07 

YSi2 64.90±0.36 5.36±0.84 0.49±0.10 0.06±0.08 0.00±0.01 29.10±1.08 

(Ca,Y)Si2 63.00±0.96 27.35±1.73 2.34±0.64 0.06±0.05 0.00±0.01 7.19±1.85 

Al-Fe-Y-

Si 
59.09±0.31 0.66±0.02 8.84±0.07 23.97±0.10 0.13±0.04 7.30±0.21 

 

 
(a) Calculated liquidus surface and solidification path of Si-Ca-Ti alloy 
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(b) Calculated liquidus surface and solidification path Si-Ca-Y alloy 

Figure 3: Calculated liquidus surface and solidification path of (a) Si-Ca-Ti and (b) Si-

Ca-Y alloy system where the blue circle indicates the starting alloy composition and the 
red circle indicates the ternary eutectic point. Isothermal lines are presented in degrees 

Celsius. 

The phase diagram of the Si-Ca-Ti and Si-Ca-Y system was determined by 

thermodynamic software Factsage, and the results are shown in Figure 3. It can be seen 

that Si is the primary precipitate for both alloys, and no ternary intermetallic compounds 

were found as well. For the Si-Ca-Ti system shown in Figure 3(a), the secondary 
precipitating phase suggested as TiSi2, which coincides with the study of Morita and Miki 

[31] and the finding of the separated TiSi2 islands outside of the CaSi2 phase. However, 
for the Si-Ca-Y system shown in Figure 3(b), the secondary precipitate becomes CaSi2 

rather than YSi2. Compared with the microstructure presented in Figure 1 and Figure 2, 
it would be better for the leaching process to have the CaSi2 phase as the secondary phase 

because other impurity phases can be well-embedded inside the leachable CaSi2 phase. 
 

In order to study further for the reason of different microstructure and impurity 

distribution, the values of the heat of mixing between atomic pairs Δ* +,
- . /  were obtained 

from Miedema’s model for the binary system with equal-atomic composition [32], as 

shown in Figure 4. It can be seen that silicides show all negative values, which suggests 

the possibility to form the binary silicides with Ca, Ti, Fe, and Y, for instance, CaSi2, TiSi2, 

FeSi2.4, and YSi2. Furthermore, in the Ca column, all values are positive. This could 

explain the reason why there is no Si-Ca-Ti and Si-Ca-Y ternary intermetallics that were 

not found in microanalysis. Additionally, the mixing enthalpy values reveal why the TiSi2 



 

146 

islands solely distributed in the CaSi2 phase in the Ti-doped sample, since the Ca-Ti pair 

exhibits the most positive value. Meanwhile, the much less positive Ca-Y pair value 

indicates only a much weaker repulsive interaction between Ca and Y, and therefore it 

may explain the compositional gradients in Ca-Y-Si precipitates in the Si-Ca-Y alloy. 
 

 

Figure 4: The values of  (kJ/mol) obtained by Miedema’s model for atomic pairs 

in a Si-Ca-Ti-Y system. 

 

Leaching performance 

To further study the segregation behaviour affected by the Ti and Y addition in Ca-alloyed 
MG-Si, acid leaching experiments were performed, and the removal of impurities was 

measured by chemical composition changes. The impurities removal degree is calculated 
as: 

 

where the  and  are initial impurity concentration (before leaching) and final 

concentration (after leaching) in weight percent, respectively. 

The results of the leaching refining on elements removal are presented in Figure 5. 
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Figure 5: Comparison of impurities removal degree of the Si-Ca-Ti, and Si-Ca-Y 

alloying systems. 

 
It can be seen that both of the alloys showed high purification efficiency for the metallic 

impurities. Since it is known that the TiSi2 phase is usually considered with a low 

leachability in HCl aqueous solution [33], the high Ti removal from the Si-Ca-Ti sample 

with the existing of a large amount of the TiSi2 phase may be owing to the high reactivity 

of CaSi2 and its cracking effect that makes the insoluble impurity phase becomes easier 

to be carried away through washing. A nearly equivalent ability for the P removal was 

found for the studied Si-Ca-Ti and Si-Ca-Y alloys. The ~75% P removal is also close to 

the performance of the well-studied binary Si-Ca alloy[22], [29]. It may draw a 

conclusion that Ti and Y could have similar P affinity as Ca does. However, another factor 

should also be considered that the adoption of alumina crucible may also affect the P 

impurity segregation, which seems to be a negative effect compared to the main doping 

metals. It is also seen that ~10% B removal is achieved by the Si-Ca-Ti sample, and ~20% 
B removal by the Si-Ca-Y sample. This result suggests that B segregation behaviour could 

be more affected by Y than Ti in the Si-Ca system. This result also indicates that the 
doping of rare earth elements may have the potential for the co-removal of conventionally 

problematic impurities B and P. 
 

Compared to conventional alkaline earth elements doping, the major challenge of the rare 

earth elements doping is from the economic concern. However, the low vapor pressure of 

the rare earth elements makes it possible to directly dope ReCl3 into Si, where the ReCl3 

can be directly recycled from the leaching solution. In addition, the generated SiCl4 vapor 

can be also easily recycled by reacting with water to obtain the HCl aqueous solution.  In 

this way, a closed-loop material flow may significantly reduce the cost. Thus, the door 

for the design of a potential novel Si purification process keeps open. 
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