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TOWARDS A VIABLE METHOD OF REUSING SILICON CARBIDE.
PHYSICOCHEMICAL ANALYSES IN THE STUDIES
ON INDUSTRIAL APPLICATION OF THE MATERIAL

The paper presents an investigation on the feasibility of recovery of the highly valuable silicon
carbide (SiC) from the slurry waste generated from silicon wafer production in the photovoltaic and
semiconductor industry. Compared to the other techniques of recycling, a facile and low-cost method
of waste treatment via heat drying followed by low-energy mixing in a shaker mixer was proposed. As
the result of the treatment, the slurry waste was converted into a powdered form with dominant content
of SiC. Separated SiC material was characterized by scanning electron microscopy, energy-dispersive
X-ray spectroscopy, X-ray powder diffraction, and sieve analysis. In addition, analyses of the bulk
density, moisture content and melting test were carried out. As was confirmed by the physicochemical
analyses, the dominant sieve fraction was in the range of 0.1-0.06 mm, the purity level was a minimum
99% mass of SiC, the moisture content — 0.3%, the bulk density — 1.3 g/cm®. The physicochemical
characteristics of the material were crucial for understanding the material performance, assessment of
the material quality and determining the perspective directions of the industrial application. The studies
revealed that the material exhibited a high application potential as abrasive, especially in abrasive
grinding and waterjet cutting.

1. INTRODUCTION

Silicon carbide (SiC) exhibits a range of unique physical properties that makes it
a very attractive and useful material in industrial and engineering applications. It is one
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of the hardest materials known, second only to diamond. Additionally, it features a rel-
atively low density (approximately the same as aluminium), semiconducting properties,
chemical inertness, high-temperature stability and high thermal conductivity [1]. Due to
its excellent physical hardness, most of the SiC produced worldwide today is used as an
abrasive in machining processes like grinding, honing, sandblasting and waterjet cutting [2].
Other popular areas of its application are refractories, electrical devices, electronics
(semiconductors), metallurgy, ceramics, industrial furnaces, diesel particles filters,
structural materials [3]. SiC is also applied by the aerospace, automotive, and power
generation industries as a reinforcing material in advanced ceramic composites [3].

Only minor quantities of SiC exist in nature. In industrial practice, SiC can be pro-
duced by several processes which differ in levels of purity, crystal structure, particle
size and shape of received material [1, 4]. Currently, the Acheson process is the main
SiC synthesis method, which is started by mixing C-rich and Si-rich materials in an
electric resistance furnace and followed by heating the mixture at given temperatures
for the desired period [2, 4]. For special applications, SiC is also produced by other
advanced processes including physical vapour transport, chemical vapour deposition,
vapour—liquid—solid process [4, 5]. Besides these production methods, separating high-
-purity SiC from industrial wastes can be regarded as the alternative route of obtaining
SiC, highly beneficial due to environmental and economic concerns [6].

A large amount of hazardous silicon slurry waste is generated during the slicing of
silicon ingots into thin silicon wafers for the fabrication of integrated circuit chips and
solar cells [7-10]. The amount of silicon waste slurry is expected to be increasing world-
wide, as silicon wafer production increases. For instance, the fast-growing photovoltaic so-
lar cells market achieved a cumulative growth rate of 35% between 2010 and 2019 [11]. As
a consequence of this dynamic growth, the amount of the silicon slicing slurry wastes
from the production of photovoltaic solar cells was nearly 160 000 Mg in 2017 [11].
Silicon wafer cutting slurry is mainly composed of SiC (as the abrasive), propylene
glycol (as the cooling liquid), silicon (residual material after slicing) [12]. Currently,
silicon slurry waste is mainly disposed of using incineration or land-filling [10, 12]. It
results in serious environmental damage and substantial wasting of resources, therefore,
how to treat this waste becomes an important issue. An efficient and low-cost method
for obtaining SiC from silicon slurry waste could be a highly desirable step towards
sustainable development. It is expected that SiC can be recycled from the slurry waste
and reused in the adequate branch of industry (such as abrasive sector, silicon wafer
production and steel casting) to reduce the production costs, gain economic benefit, and
particularly protect the environment.

Silicon slurry waste can be separated using physical and chemical methods or flo-
tation. In particular, several methods have been developed to recover SiC particles from
the silicon slurry waste such as sedimentation, centrifugation, magnetization, filtration,
directional solidification, alloying process, phase-transfer separation, electrokinetic sep-
aration, froth flotation technologies and carbothermic reduction [5—14]. However, these
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methods require high-cost apparatus, complex processes and consume substantial amounts
of chemicals generating additional wastes. In addition, the problem of complete separa-
tion of SiC from the silicon slurry waste remains unsolved. The carbothermic reduction
is the most promising method for large scale recycling of SiC, however, most SiC con-
stituents volatilize in the form of SiO(g) and they are wasted [6, 14]. Therefore, further
investigations are necessary to optimize the process and raise the recovery efficiency.

In this study, a facile and affordable approach was used for the fast recovery of SiC
from silicon wafer cutting slurry. The proposed method exhibited a low complexity of
the separation process, no additional wastes generated during the process and low sep-
aration cost. The obtained material was characterized by physicochemical analyses
which were highly useful in the assessment of the quality of the material and evaluating
the potential fields of its industrial application.

2. MATERIALS AND METHODS

Silicon slurry waste was obtained from the silicon wafer fabrication coming from
the local market of solar cell production.

In the first step of the waste treatment, the silicon slurry was dried at 200 °C in the
muffle furnace with gases extraction. This resulted in complete evaporation of propyl-
ene glycol and conversion of the slurry waste into solid in the form of lumps. Subse-
quently, the solid was cooled down to room temperature and then was subject to low-
-energy dry milling for 5 min at 50 rpm using a shaker mixer with milling balls (mass
ratio of milling balls to mixed sample equalled 0.01:1). The waste treatment method
resulted in the powdered material which was characterized by several analyses.

The particle morphology of the sample was analysed using a scanning electron mi-
croscope (SEM, Hitachi S 4200) operating at an accelerating voltage of 25 kV. An en-
ergy dispersive X-ray spectroscopy (EDS, JEOL JDX-7S) was used for the elemental
microanalysis of the sample. The material was characterized by X-ray powder diffrac-
tion (XRD) on a JEOL JDX-7S diffractometer with CuK, radiation under an accelerat-
ing voltage of 40 kV and a current of 20 mA. The diffraction patterns were collected at
25 °C and over an angular range of 20-90° with a step size of 0.05° and a dwell time of
12 s per increment. The obtained patterns were matched with references of JCPDS-
-ICDD database. The sieve analysis was carried out using a shaker (Multiserw-Morek,
model LPzE-2¢) and a set of sieves with mesh sizes of 0.3, 0.1, 0.08, 0.07, 0.06 mm.
The moisture content was determined by the gravimetric method which involved oven
drying a sample at 120 °C and reweighing it every hour until the mass of the sample did
not change. The bulk density of the material was determined by weighing a known vol-
ume of the material that was passed through a graduated cylinder. It was calculated as
the ratio of the mass to the volume of the untapped material. The melting test of the
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material was based on the knowledge of differences in the melting point between pure
SiC (2730 °C) and pure silicon (1414 °C). The analysed material was heated in a cham-
ber furnace at 1450 °C for 4 h under observation whether it undergoes melting. Any
visible changes in the consistency of the examined material could be related to its con-
tamination with the impurities melting t below 1450 °C.

3. RESULTS AND DISCUSSION

Silicon wafer cutting waste subject to the treatment was in the form of slurry due to
the presence of a liquid layer of propylene glycol. In industrial practice, propylene gly-
col is a commonly used ingredient of the silicon wafer cutting mixture and acts as the
cooling fluid [12, 13].
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Fig. 1. SEM image with the selected EDS inspection of fields 1 and 2 (a),
SEM-EDS spectra at field 1 (b) and field 2 (c)
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First, the slurry waste was treated by high-temperature drying above the boiling
point of propylene glycol (200 °C). The obtained solid in the form of lumps was subject
to low-energy dry milling using a shaker mixer. The slurry waste was then converted
into a dry powdered solid. The colour of the obtained powder was grey without metallic
lustre observed.

Further studies were focused on probing the physicochemical properties of the ob-
tained powder. The studies confirmed that the bulk density of the powder was 1.3 g/cm’.
The analysis of the particle morphology (Fig. 1a) confirmed a large number of sharp-
-edged grains, with numerous vertices and cavities on the surface. However, a precise
definition of the grain shape was troublesome due to the diversity of the geometric forms
and required the use of a dedicated computer program. As was detected by SEM-EDS
analysis (Fig. 1), silicon and carbon were present as the major components. Besides,
small amounts of oxygen and iron were detected.

A melting test was performed for a preliminary control of the purity level. The lack
of visible changes in the consistency of the material after heating at 1450 °C was a de-
sirable result in terms of preliminary assessment purity level of the material.
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Fig. 2. XRD spectrum of the examined material

As was confirmed by XRD analysis (Fig. 2), the examined material exhibited crys-
talline form, with a characteristic diffraction pattern assigned to SiC structure, which
was the major feature in XRD spectrum. The small diffraction pattern assigned to the
silicon structure was detected, thus a minor amounts of silicon were present in the ma-
terial. The material exhibited a high level of purity at least 99% mass of SiC.

The sieve analysis afforded isolation of six fractions (Table 1). The fraction in the
range of 0.1-0.06 mm constituted the dominant share in the particle size distribution,
namely 91%. Share of the other fractions was minor.
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Table 1

Results of the sieve analysis

Mesh size | Weight | Share
[mm] [g] | [wt %]
0.3 28 34
0.1 29 3.6
0.08 283 344
0.07 187 22.7
0.06 275 334
<0.06 20 24
Balance
Input 832 -
Output 822 100
Material loss 10 —

Analysis of the moisture content in the material (Table 2) confirmed the greatest
loss of moisture content was merely 0.3% after 2 hours of drying. As it was evident, the
examined material has been already properly dried during the stage of the treatment of
the slurry waste. The lack of the changes in the mass of the sample after 3 and 4 hours
of the drying was evidence that the sample was dried to the constant weight, therefore
the analysis was completed.

Table 2

Results of the analysis of moisture content

Time | Weight of the sample | Loss of moisture content
[h] [g] [g] [%0]
0 20.00 - —
1 19.99 0.01 0.05
2 19.94 0.06 0.30
3 19.94 0.06 0.30
4 19.94 0.06 0.30

The analysis of physicochemical properties of the material was a starting point in
probing the perspective fields of industrial application. Material needs to fulfil specific
standards of quality, durability and performance to be applicable in the industry. The
physicochemical properties are a crucial factor in determining the most perspective field
of applications. For instance, SiC is a commonly used additive to improve the quality
and machinability of steel and cast iron [4]. The standard values for the metallurgical-
-grade SiC are as follows: the level of the purity from 45% (when integrated into the
manufacturing of briquettes) to over 95% (when used as a direct additive in iron and
steel foundries), particle size distribution in the range of 5-50 mm; bulk density in the
range 1.3-1.7 g/cm’ [4].
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Taking into account the purity grade, the examined material with dominant SiC crystal-
line phase (minimum 99% mass of SiC) appeared to be high-quality product for metallurgi-
cal applications. The bulk density of the examined material which was 1.3 g/cm® matched
with the standard for metallurgical application. However, the granulometric character-
istics confirming the small size of the grains (mainly 0.1-0.06 mm) are disadvantageous
for metallurgical processing, which in turn, limit the application of the examined mate-
rial in metallurgy [4]. Therefore, it could be useful to briquette the material, but it gen-
erates additional costs and may affect the final properties of the material.

The perspective area of the industrial application for the examined material could be the
abrasive industry. Abrasive-grade SiC has many end-uses. Its specific applications include
grinding wheels, honing sticks, waterjet cutting, snagging wheels, lapping and polishing of
mechanical components, coated abrasive sheets, surface blasting. The properties of abrasive
SiC can be varied to meet specialized needs. Besides hardness and toughness, the other im-
portant physical properties are purity grade, particle morphology and granulometric charac-
teristics, moisture content, bulk density. Worldwide, the quality of the abrasive-grade SiC
is standardized according to FEPA (The Federation of European Producers of Abrasives),
SSPC (The Society for Protective Coatings), ASTM International (American Society for
Testing and Materials), ISO (International Organization for Standardization), ANSI (Amer-
ican National Standards Institute) or JIS (Japanese Industrial Standards). Therefore, the in-
dustrial utility of the examined material was evaluated taking into account these standards.

For a uniform and predictable performance, the abrasive must be free from impuri-
ties. The purity level of the examined material (minimum 99% mass of SiC) matched
the industrial requirements (following BS ISO 9286:1997) [15].

The moisture content in the examined material was 0.3% and fulfilled industrial
standards (following international ASTM C566-19) [16]. According to the industrial
recommendation, the maximum moisture content in SiC material should not exceed
0.5%. Abrasive with moisture content that exceeds the recommended level tends not to
have a uniform flow rate.

The quality of abrasive is strongly affected by particle morphology. Namely, the
geometric characteristic of a single abrasive grain affects the number and shape of cut-
ting edges and the grain breakage behaviour. Each grain can have one or more cutting
edges and grain splintering changes the number and shapes of the cutting edges [17]. In
the case of the examined material, the morphology analysis confirmed a large number
of sharp-edged grains, with numerous vertices and cavities on the surface. This charac-
teristic can increase the tendency of the grain to self-sharpen which is advantageous in
terms of the quality of the abrasive (according to FEPA 45-1:2011; FEPA Standard
Shapes and Dimensions For Precision Super Abrasives) [18, 19].

The bulk density reflects the geometrical characteristics of abrasive and affects its
performance and efficiency. In the case of the examined material, the bulk density was
1.3 g/cm’® and fulfilled industrial references for abrasive (in accordance to FEPA
44-2:2006; ISO 9136-2:1999) [20, 21].
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Another crucial parameter that affects abrasive performance is grain size distribu-
tion. The size of the grains and its distribution define the number of cutting edges. For
instance, a small grain size commonly achieves smaller surface roughness but also
causes higher machining forces and shorter tool life. Oversize particles can have nega-
tive effects on part surface quality, so a defined grain size distribution is important.
Multiple national and international standards were implemented to define the size range
for specific abrasives, for instance: FEPA 42-2:2006; FEPA 43-2:2017; ANSI B74.12
[22-24]. The particle size and its distribution was the criterion limiting the various fields
of application of the examined material as abrasive. For instance, the examined material
with the dominant fraction in the range of 0.1-0.06 mm could have limited application
as the abrasive for polishing and lapping. Herein, commonly used particle sizes are
around 0.01 mm and 0.01-0.05 mm, respectively [2].

The further studies aimed to specify which direction of application in the abrasive
sector would be suitable for the examined material. The examined material with the
dominant fraction in the range of 0.1-0.06 mm complied with the specific standards for
the abrasive employed in grinding processes and waterjet cutting [2]. The examined
material can be a competitive alternative for garnet which is the natural mineral com-
monly used as an abrasive in waterjet cutting. The application of the examined material
in waterjet cutting can be beneficial from economic concerns. Firstly, the cost of the
recovery of the examined material is substantially lower than the cost of garnet mining
and processing. Secondly, the SiC dominant phase in the examined material can increase
cutting quality by faster cutting, higher precision, less frequent nozzle plugging, which
in turn, improve the efficiency of the process of waterjet cutting.

The physicochemical analyses have proven that the most perspective field of appli-
cation for the examined material is an abrasive sector, in particular abrasive grinding
and waterjet cutting. In favour of this conclusion, the selling prices of abrasive-grade
SiC are higher than for the metallurgical one, due to more stringent quality standards in
the abrasive industry. As the studies exhibited industrial potential, the samples of the
examined material together with their physicochemical characteristics were sent to the
potential customers from the abrasive sector. Open minds to collaborate and conduct
the material testing on industrial apparatus, positive feedback on the quality of the sam-
ples, established contacts with customers have proven that facile and low-cost solutions
in the field of waste treatment and SiC reuse are highly demanded by entrepreneurs.

4. CONCLUSIONS

Nowadays, the industry faces the following key challenges: continuously increasing
requirements regarding environmental protection, increasing material efficiency, out-
standing product quality and competitive price. Thus, in response to these challenges,
manufacturers must provide innovative and specific solutions. The present studies not
only resulted in a facile and feasible route for minimizing the hazardous SiC wastes,
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contributing to the prevention of environmental contamination but also benefited in the
economical method of obtaining highly valuable SiC. The proposed method of the silicon
slurry waste treatment can be an alternative method to highly-cost and more complex
other methods that require sophisticated apparatus, chemicals toxic for the environment
and generate additional wastes. When referring to other methods, the potential benefits of
recovering the valuable material from the waste are reduced by the high cost of the
treatment, which in turn, can be a limiting factor in scaling up the technology. As studies
have proven, the physicochemical analyses of the recovered material were crucial for
further material development, understanding its performance and assessment of the
quality. The examined material complied with specific quality standards for abrasive-
grade SiC. The studies confirmed that the most perspective field of application for the
examined material could be abrasive grinding and waterjet cutting.
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