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SiC porous ceramics (SPCs) were prepared from crystalline silicon cutting slurry waste with NH4HCO3 (NHC) as the pore-
forming agent. The effects of NHC contents on the properties of the as-prepared SPCs were investigated. It was found that 
the main crystalline phase of the SPCs was β-SiC. The SPCs consisted of SiC particles and SiC whiskers. The thermal 
shock resistance of the SPCs was obviously strengthened due to the formation of the SiC whisker. When NHC contents were 
increased to 30 wt. %, the cold compressive strength and thermal shock resistance of the SPCs with porosity of around 63.76 % 
were found to be favourable to the application in the molten metal filtration field.

INTRODUCTION

 Crystalline silicon cutting slurry waste exists in 
the form of slurry mixed with cutting fluid, Si particles, 
abrasive SiC particles and metals worn down from a saw 
wire, which is an industrial by-product in the process 
of multi-crystalline silicon cutting. More than 50 % of 
Si becomes powder and goes into the slurry waste in 
the process of wafer slicing [1]. Moreover, the amount 
of crystalline silicon waste, released by the global pho-
tovoltaic industry, has been increasing throughout the 
world [2-3]. Therefore, an environment-friendly and 
sustainable development method is critically required 
to recycle the crystalline silicon waste. However, the 
process of separating SiC and Si is difficult due to the 
similar physical and chemical properties [4]. 
 SiC porous ceramics (SPCs) have drawn strong 
attention due to their excellent physical and chemical pro-
perties, including high mechanical strength, high tem- 
perature resistance, excellent oxidation resistance and 
corrosion resistance. They have been widely applied in 
catalyst carriers and heat exchangers or heat insulation 
[5-7]. As for now, some proven technologies have been 
used to prepare SPCs; for instance, the pore-forming 
method, sacrificial template method, freeze-casting 
method, gel-casting method, chemical vapour infiltra-
tion and 3-D printing [8-10]. However, it is worth noting 

that SPCs generally have a shortage of low strength and 
instability. Although whisker toughening is currently an 
effective solution, the complex process and expensive 
costs limit its further development and large-scale 
application [11-13]. 
 In the present work, SPCs reinforced with in-situ 
formed SiC whisker were successfully fabricated by 
adding the pore forming agent method using crystalline 
silicon cutting slurry waste. This method is convenient, 
low-cost and environment-friendly, which makes it 
become a promising way for recycling solid waste. 
Additionally, the effects of NHC contents on the pro-
perties of the as-prepared SPCs have been studied. To 
our knowledge, this is the first report on the preparation 
of in-situ SiC whisker reinforced SiC porous ceramics 
using crystalline silicon cutting slurry waste as the main 
raw material.

EXPERIMENTAL

Raw materials

 The crystalline silicon cutting slurry waste (avera- 
ge size of 74 μm) with the following chemical compo-
sitions: 69.00 wt. % SiC, 11.93 wt. % Si, 8.28 wt. % 
SiO2, 7.50 wt. % Fe2O3 and 3.29 wt. % LOI was used. 
Activated carbon (analytical grade purity, Sinopharm 
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Chemical Reagent Co., Ltd., China) was taken as the 
source of carbon. Phenolic resin (Industrial-grade purity 
reagent) was chosen as the binder. NHC (analytical 
grade purity, Sinopharm Chemical Reagent Co., Ltd., 
China) was used as the pore-forming agent. In addition, 
the volume fraction of the argon gas was 99.99 %.

Preparation processes

 During the preparation process of the SPCs, Si 
and SiO2 in the crystalline silicon waste reacted with 
carbon to form SiC, and the chemical reactions can be 
represented by:

Si (l) + C (s) → SiC (s)                         (1)

SiO2 (s) + 3C (s) → SiC (s) + 2CO (g)            (2)

 According to reactions 1 and 2, the mass ratio of 
the crystalline silicon waste to the activated carbon was 
calculated and determined as 100:15. Additionally, the 
raw materials were mixed with 5 wt. % Phenolic resin. 
The samples doped with various amounts of NHC, 
which were 0, 10, 20, 30 wt. %, and the corresponding 
samples were identified as N0-N3.
 The fabrication process of the SPCs used the follo-
wing procedures: Firstly, the crystalline silicon waste, 
activated carbon, phenolic resin and NHC were weighed 
and homogeneously milled using an agate mortar for 
30 min. Secondly, the mixed ceramic raw materials 
were pressed to form the samples under 100 MPa for 
5 min, and the sample size was 15 mm in diameter and 
10 ~ 15 mm in thickness. Finally, all the green bodies 
were sintered in argon with the proper temperature-pro-
grammed to 1500 °C for 4 h. A detailed description of 
the fabrication process can be found in Ref. [14]. 

Characterisation

 The microstructures were observed by scanning 
electron microscope (SEM, ZEISS-EVO18, Germany) 
equipped with a dispersive energy spectrum (EDS). 
The phase compositions were characterised via X-ray 
diffraction (XRD, Cu Kα radiation, 30 kV and 30 mA). 
The apparent porosity and bulk density of the sintered 
samples were measured according to Archimedes law 
and they were calculated based on Equations 3 and 4.

(3)

(4)

where Pa and Db are the apparent porosity (%) and bulk 
density (g∙cm-3) of the tested sample, m1 is the mass of 
the dried sample in air (g), m2 is the mass of the sample 
in water (g), m3 is the mass of the sample with free 
bubbles on the surface (g), and d is the density of water 
(1.0 g∙cm-3).

 In addition, the pore size distribution of the as-sin- 
tered samples was measured by mercury intrusion poro-
simetry (MIP) and according to Equation 5.

(5)

where r is the pore size of the tested sample, P is the 
pressure applied during the test, σ is the surface tension 
of mercury, and θ is the contact angle of mercury and 
the tested sample.
 The Chinese standards of GB/T 1964-1996 were 
followed for the compressive strength test. The thermal 
shock resistance is characterised by the number of 
thermal cycles. The specific operation method is as 
follows: the samples were transferred into an electric 
furnace at 1000 °C and held for 15 min, and then quenched 
in air for 10 min, and returning them to the furnace at 
1000 °C again. It is noted that the samples completed 
100 cycles between 1000 °C and room temperature in 
air, the quenched medium was changed to water. The 
total thermal cycling numbers to the cracking were used 
to characterise the thermal shock resistance of the SPCs 
[15].

RESULTS AND DISCUSSION

XRD and SEM analyses

 The XRD patterns of the as-prepared SPCs are 
shown in Figure 1. It can be observed that 3C-SiC (cubic 
crystal), 6H-SiC (hexagonal crystal), small amounts of 
FeSi and remnant SiO2 peaks can be detected in the final 
products, which means that SiO2 in the raw material 
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Figure 1.  The XRD patterns of the as-prepared SPCs doped 
with different amounts of NHC: a-d) are samples N0-N3, re-
spectively.
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did not fully react with C. Fe2O3 was converted to FeSi. 
In addition, with the increase of NHC contents, the 
diffraction intensities of the above phases are almost 
constants (Figure 1a-d), which indicates that the addition 
of NHC has hardly any effect on the constituents of the 
as-prepared SPCs. 

 The SEM images in Figure 2 show the SPCs 
mainly consist of particles and whiskers. The particles 
were irregular or polygonal in shape, a small part of the 
whiskers are inserted in the holes of the SiC matrix, 
and the rest covered the surface of the particles. The 
corresponding EDS analysis indicates that the whiskers 

1 2

C O Fe Fe

Si

43 5 6 7 80

C
ou

nt
s

Energy (KeV)

Point C  Elements C O Si Fe
 wt.% 35.65 16.27 44.35 3.72
 at.% 52.74 18.07 28.01 1.18

1 2

C O
Fe Fe

Si

43 5 6 7 80

C
ou

nt
s

Energy (KeV)

Point A  Elements C O Si Fe
 wt.% 30.69 26.55 42.21 0.55
 at.% 44.54 29.05 26.24 0.17

1 2

C O
Fe Fe

Si

43 5 6 7 80

C
ou

nt
s

Energy (KeV)

Point A  Elements C O Si Fe
 wt.% 30.69 26.55 42.21 0.55
 at.% 44.54 29.05 26.24 0.17

c) N2

b) N1

a) N0

Figure 2.  The cross-section SEM images and EDS spectra of the as-prepared SPCs doped with different amounts of NHC: a-d) are 
samples N0-N3, respectively. (Continue on next page)
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are mainly composed of Si, C, O elements and a small 
amount of Fe element. The finding is consistent with the 
above analysis results of the XRD patterns. 

Sintering character

 As shown in Figure 3a, the apparent porosity of 
the SPCs is increased when increasing the addition 
amount of NHC, while the bulk density is decreased. 
This ascribes to the decomposition of NHC and original 
pores in the green compacts [16]. When the addition 
amount of NHC is 30 wt. %, the SPCs can reach the 
maximum apparent porosity, which is 63.76 %. At 
the same time, the bulk density of it is the minimum, 
1.07 g·cm-3. This can be visualised in the micrograph 
of sample N3 (Figure 3b). The surface of the sample is 
evenly distributed with pores formed by pyrolysis of the 
pore former.
 Figure 4 compares the pore size distribution of 
the SPCs doped with different amounts of NHC. It can 
be clearly seen that the aperture range of the SPCs is 
around 1 μm. The amount of the pore former (NHC) 
added has rarely an effect on the pore size distribution. 
Generally, the pore size is related to the compact degree 
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Figure 3.  The apparent porosity and bulk density of the SPCs 
doped with different amounts of NHC (a) and the SEM image 
of sample N3 sintered at 1500 °C for 4 h (b).
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Figure 4.  The pore size distribution of the SPCs doped with 
different amounts of NHC.
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of the sintering. That is, a higher sintering temperature 
or a larger addition of sintering-aids results in a smaller 
median pore diameter [12, 14]. Since the SPCs doped 
with different amounts of NHC were prepared at the 
same sintering temperature, and the pore former did not 
affect the pore size distribution, the pore size distribution 
tendency of the samples is almost the same as shown. 

Cold compressive strength
and thermal shock resistance

 As shown in Figure 5, the compressive strength 
shows a decreasing trend, which can be attributed to the 
increase of the apparent porosity due to the increase of 
NHC. It is known that cracks are usually found before 
50 thermal shock cycles cooled in air [17], but the 
number of thermal cycles of the SPCs reinforced with 
SiC whiskers is more than 100 times. Hence, it can be 
concluded that the SiC whiskers are possibly beneficial 
in enhancing the thermal shock resistance of the SPCs. 
The sample with excellent thermal shock resistance 
favours its application in the molten metal filtration field 
[15].

Analysis of the whisker
formation process

 Generally, SiC whiskers can be formed by two 
mechanisms: the vapour-solid theory (VS) and the 
vapour-liquid-solid theory (VLS). Due to the catalytic 
action of metals such as Fe, Co and Ni, the formation 
temperature of SiC whiskers is lower in the VLS system 
[18-20]. In this paper, Fe and FeSi (melting point: 
1410 °C) act as the catalysis in the preparation of SiC 
whiskers. Iron is formed via the reaction 3 of Fe2O3 and 
C in the raw materials, and then a part of the Fe reacts 
with Si to form FeSi (reaction 7). 

C (s) + Fe2O3 (s) → Fe (s) + CO                (6)

Si (s) + Fe (s) → FeSi (s)                      (7)

 As the temperature rises, Fe and FeSi gradually 
melt and enclose the surrounding C particles and SiO2 
particles. Meanwhile, some further reactions (reactions 
(8)-(15)) produce several gas phases which are necessary 
for the formation of the SiC whiskers. Studies have 
shown that SiO2 can be used as the starting nucleus for 
the formation of the SiC whiskers [21]. Whiskers formed 
in this way are of a two-layer structure. A schematic 
diagram of this double-layer is shown in Figure 6.

Si (s) → Si (l)                               (8)

∆G8
θ (J∙mol-1) = 50 540 – 30.0 T (K)               (9)

Si (l) → Si (g)                             (10)

∆G8
θ (J∙mol-1) = 395 400 – 111.38 T (K)         (11)

Si (l) + SiO2 (s) → 2SiO (g)                   (12)

∆G8
θ (J∙mol-1) = 635 890 – 292.2 T (K)          (13)

C (s) + SiO2 (s) → SiO (g) + CO (g)              (14)

∆G8
θ (J∙mol-1) = 676 720 – 330.69 T (K)          (15)

 As shown in the reactions below, these gas phase 
products are dissolved in Fe and FeSi droplets and react 
with the corresponding solid particles (C or SiO2) to form 
β-SiC crystals. When the SiC crystals reach saturation 
in the droplets, they begin to precipitate out and continue 
to grow along a definitive crystal orientation.

2 C (s) + SiO (g) → SiC (s) + CO (g)          (16)

∆G8
θ (J∙mol-1) = –73 570 – 1.29 T (K)          (17)

 At this point, the SiC whiskers are completely for-
med. Figure 7 visualises the entire preparation process. 
Combined with above analysis, it can be inferred that 
the SiC whiskers formation mechanism of this paper is 
the VLS system. 
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Figure 5.  The cold compressive strength and thermal shock 
resistance of the SPCs doped with different amounts of NHC 
(N0-N3).

Figure 6.  The sketch of the double-layered whisker formed by 
using SiO2 as the starting nucleus.
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CONCLUSIONS

 The SiC porous ceramics prepared from crystalline 
silicon cutting slurry waste doped with 30 wt. % NHC 
displayed excellent properties, such as a high apparent 
porosity (63.76 %), high cold compressive strength 
(3.17 MPa), ultrahigh thermal shock resistance (thermal 
cycles number 102 times). During the preparation 
process of the SPCs, SiC whiskers were formed, and 
they are the good reinforcement phase for the fabrication 
of the SPCs. 
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