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Valorization of silicon cutting waste and high-
alumina fly ash for sustainable synthesis of O’-
sialon

Hao Wang, 2 *2 Xinlin Zhai,? Lili Liu,® Yin Jiang® and Yi Xing®

This study presents a sustainable route for preparing O’-Sialon ceramics from silicon cutting waste (SCW)
and high-alumina fly ash (HAFA). SCW was used as the main reactive Si-bearing waste, whereas HAFA
provided Al-containing and Si-containing mineral phases. The effects of sintering temperature (1250-
1450 °C) and holding time (1-9 h) on phase evolution, microstructure, and macroscopic properties were
systematically investigated. XRD results indicate that an O’-Sialon-dominant product was obtained at
1350 °C, while higher temperatures promoted the formation of B-Sialon. The sample sintered at 1350 °C
for 5 h showed a bulk density of 1.95 g cm™, a linear shrinkage of 11.75%, a compressive strength of
88.55 MPa, and a porosity of 30.32%. Thermodynamic analysis together with phase and microstructural
characterization further suggests that Ca was mainly incorporated into Ca-containing SiAlON-related
phases, whereas Fe was mainly stabilized as FesSi under the present processing conditions. These results
demonstrate the feasibility of up-cycling SCW and HAFA into value-added SiAlON-based ceramics, while
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1. Introduction

Silicon cutting waste (SCW) is a by-product generated during the
process of silicon cutting, containing abundant silicon carbide
particles and silicon particles. With the rapid growth of the solar
photovoltaic industry, there has been a gradual increase in SCW
production. However, the lack of effective recycling methods for its
disposal leads to significant environmental pollution and resource
wastage problems.'? Currently, a significant number of researchers
are engaged in conducting extensive investigations on the recovery
methods of SCW.* At this stage, the recycling approaches for SCW
can be categorized into two distinct groups: high value-added Si
separation and direct synthesis of high value-added materials. Wei
et al.® used a simple and efficient method to extract Si from silicon
cutting waste at a lower temperature (1000-1200 °C), while using
cryolite to enhance the extraction of Si. Wang et al.® used centrifugal
enhanced phase separation means to efficiently separate SiC and Si
from SCW, and the phase separation time could be shortened from
460 min to 2 min in a normal gravity field at a supergravity factor G
of 100, and the effects of emulsified oil droplet diameter and
centrifugal force on phase separation were investigated with theo-
retical calculations. Li et al.” used a combination of electromagnetic
and slag treatment (CaO-SiO,-NazAlF,) techniques to separate and
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also highlighting the need for future work on raw-material variability and scale-up.

purify Si from crystalline silicon cutting waste, and the purity of
separated Si was improved from 88.01% to 99.47% compared with
conventional high-temperature treatment, and the purity of sepa-
rated Si could reach 99.98% after further vacuum directed solidi-
fication treatment.

Although the separation of silicon products from SCW offers
significant added value, there are certain challenges in the
recovery process that restrict the widespread application of
these methods, such as substantial raw material requirements,
high separation costs, and product impurities.** In contrast,
direct resource utilization of SCW eliminates intricate separa-
tion steps, reduces production costs, and enables the prepara-
tion of highly valuable products like silicon carbide, silicon
nitride ceramics, and silicon nitride composites.'>* Hou et al.*
employed the direct nitriding method using diamond wire
cutting polysilicon waste to synthesize a-Si;N,, and investigated
the influence of FeCl;, NaCl, and Cu metal on the nitridation
process. Interestingly, Cu metal was identified as the most
effective catalyst for promoting the nitriding reaction. Jin et al.*
through thermodynamic calculations and density functional
theory analysis, elucidated the acceleration mechanism of sin-
tering temperature and CaO addition on the nitridation reac-
tion. Furthermore, they successfully fabricated Si;N, ceramics
with remarkable properties including a bulk density of
2.31 g ecm ™, an apparent porosity of 25.42%, and a compressive
strength of 109 MPa when incorporating 5 wt% CaO additives.
Sun et al.** employed the atmospheric pressure electromagnetic
induction heating method to synthesize SiC/a-SizN, composite
powder. The addition of NH,Cl was found to effectively promote
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the nitridation reaction by precisely controlling the reaction
temperature and actively participating in the reaction process.
Furthermore, it was observed that the presence of Fe,O;
impurities significantly facilitated the formation of «-SizN,
during the reaction.

The Sialon material, primarily composed of Si;N,-Al,O0;-
AIN-SiO,, has garnered significant attention in the field of
refractory materials due to its exceptional performance. It
encompasses four categories: O'-Sialon, a-Sialon, B-Sialon, and
X-Sialon.” Among these categories, O’-Sialon (Si, ,ALO;.xN,_y,
0 < x< 0.4) has received considerable interest owing to its
outstanding oxidation resistance, thermal shock resistance, and
slag corrosion resistance. Numerous scholars have conducted
relevant research on this material.’® For instance, Ma et al.'’
sintered Si;N,/O’-Sialon ceramics with varying SiO, contents
under a pressure of 3 MPa. An et al'® on the other hand,
prepared mullite-SiC-O’-Sialon composites using bauxite-based
homogeneous mullite as well as silica powder and phenolic
resin as raw materials.

In this study, SCW and HAFA were coupled to explore a direct
and waste-oriented route for preparing O’-Sialon ceramics.
Compared with conventional recovery-first strategies, the
present approach avoids prior separation of Si from SCW and
instead uses SCW as the major reactive silicon source, while
HAFA supplies Al-rich and Si-rich mineral phases. The study
focuses on the influence of sintering temperature and holding
time on phase evolution, microstructure, and properties,
together with the migration behavior of the main impurity
elements. It should be emphasized that this work is a labora-
tory-scale feasibility study rather than an immediate indus-
trial implementation route. Because fly ash is inherently
heterogeneous and contains minor impurities, additional work
will be required on feedstock variability, pretreatment, process
scale-up, and secondary-waste minimization before practical
application. Nevertheless, the present results provide a useful
basis for the valorization of SCW and HAFA into low-cost
SiAION-based ceramic materials.

2. Materials and methods
2.1 Materials

The raw materials used in this work were silicon cutting waste
(SCW) and high-alumina fly ash (HAFA). SCW was obtained
from a silicon wafer manufacturer in Lianyungang, China, and
HAFA was collected from the ash-storage system of a coal-fired
power plant in Shuozhou, China. Both wastes were dried at
110 °C for 12 h and ground to pass 200 mesh before use. The
chemical composition of the raw materials was analyzed by
XRF, and their crystalline phases were identified by XRD. The
detailed characterization results are presented in Section 3.1.

2.2 Methods

The chemical formula of O'-Sialon is Si,_,ALO;,N,_,, where x
ranges from 0 to 0.4. Considering the composition character-
istics of solid waste SCW and HAFA in this study, as well as the
material balance calculation results of high-temperature carbon
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Table 1 Heat treatment experimental design proposal for samples

Heat treatment Holding time

Sample ID temperature (°C) (h)

1250
1300
1350
1400
1450
1350
1350
1350
1350

O 0 N O U AW
O NN W = U1 G

thermal reduction nitridation reaction, a waste component
compatibility scheme with a ratio of 50:50 is designed. Addi-
tionally, 3% graphitic carbon is incorporated as a carbon source
for the carbon thermal reduction nitridation reaction to ensure
the attainment of O’-Sialon composition under high-
temperature reaction conditions from a material balance
perspective. The experimental procedure commenced by sub-
jecting the prepared raw materials to planetary ball milling for
10 hours as per the designed composition formula. Subse-
quently, the thoroughly mixed powder was compacted into
cylindrical molds (® 40 mm, H 5 mm) under a pressure of 5 MPa
before being subjected to high-temperature heat treatment in
a furnace. The heat treatment process parameters are presented
in Table 1. The entire heat treatment procedure involves
maintaining a nitrogen gas flow rate of 0.5 L min~" within the
temperature range of 1250-1450 °C, with an holding time
ranging from 1 to 9 hours at the target temperature. The heating
rate during the process is set at 10 °C min ', followed by
furnace cooling and subsequent removal of the samples after
completion of the holding period.

2.3 Characterization

The thermal behavior of raw materials at high sintering temper-
ature was investigated using thermogravimetric-differential scan-
ning calorimetry (TG-DSC, S60, SETARAM, France). The TG-DSC

M-Mullite
Q Q-Quartz
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Intensity/a.u.
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20/°

Fig.1 The XRD result of raw materials.
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measurements were carried out from 20 to 1300 °C at a heating
rate of 5 °C min under an N, atmosphere. The chemical compo-
sition of the raw materials was analyzed by X-ray fluorescence
(XRF, Axios mAX, PANalytical, Netherlands), while the crystal
phase composition of both the raw materials and samples was
determined through X-ray diffraction (XRD, D/max 2550, Rigaku,
Japan) over a 26 range of 10-70° at a scanning rate of 4° min~". For
SEM observation, small fragments produced after the
compressive-strength test were collected and etched with HF to
reveal the grain morphology more clearly. The etched fragment
surfaces were then sputter-coated with Au to enhance conductivity
prior to imaging. SEM micrographs were collected on a Hitachi S-
4800 instrument using secondary electron (SE) mode. Bulk density
and porosity were measured by the oil-immersion method
according to QB/T 1642-2012 using kerosene as the immersion
medium. Three samples were tested for each condition and the
average value was reported. Linear shrinkage was determined
from the dimensional change before and after sintering.
Compressive strength was measured using an electronic universal
testing machine (UTM5105, Shenzhen, China), and the compres-
sive strength (oy,) was calculated from the maximum load at failure
(F) and the loaded area of the specimen (S).

Op = FIS (1)

3. Results and discussion
3.1 Raw material characterization of SCW and HAFA

During the process of cutting silicon wafers, silicon carbide is
primarily utilized as an abrasive. Some SiC particles also enter into
the polishing waste during the polishing process. Therefore, in
SCW, there are not only single crystal silicon components but also
some SiC components present. XRD analysis reveals that its phase
composition structure mainly consists of Si (Si, #03-065-1060) and
SiC (SiC, #01-089-2640). Combined with XRF analysis, it can be
observed that each component's content is Si (38.126 wt%) and
SiC (59.963 wt%), along with a small amount of Al,O3 (1.723 wt%).
Additionally, in HAFA, XRF analysis results demonstrate that it
primarily comprises of SiO, (47.998 wt%) and Al,O; (38.373 wt%)
components with a minor quantity of CaO (4.607 wt%) and Fe,O3
(3-399 wt%) components present. The XRD outcomes indicate that
its primary crystal phases are mullite (Al¢Si,O;3, #01-079-1454) and
quartz (SiO,, #01-075-0443).

3.2 Thermodynamic analysis of heat treatment processes

To ensure the synthesis of O'-Sialon, the high-temperature
thermal properties of the mixed raw materials were analyzed
first, and the result was shown in Fig. 2. Because the TG-DSC
tests were conducted under N,, the thermal-analysis atmo-
sphere was consistent with the atmosphere used in the sinter-
ing experiments. In this result we can see that the TG-DSC
results can be roughly divided into three temperature stages. In
the first temperature stage (room temperature-1155 °C), it can
be seen that the sample mass increased steadily, and this
enormous mass increase reached 23.9 wt%. Based on the
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analysis of raw material composition characteristics in Table 1
and Fig. 1, the raw material for the monatomic silicon compo-
nent exhibits high temperature reactivity, enabling reactions
with graphitic carbon and N, atmosphere to produce silicon
carbide and silicon nitride. Additionally, it can react with SiO,
to form Si,N,O components. Thermodynamic equilibrium
calculations confirm the feasibility of these reactions within
this temperature range. The potential chemical reaction equa-
tions are presented below.'>*

Si+C — SiC )

3Si + 2N, — SizNy (3)

3Si + 2N, + SiO, — 2Si,N,O (4)
2Si0, + 3C + N, — Si,N,O + 3CO (5)
SiC + SiO, + N, — Si,N,O + CO (6)

In the second temperature stage (1155-1345 °C), a 2.68 wt%
weight decrease can be seen in the mass curve, where the
decrease in mass was mainly due to the decomposition of
calcium sulfate in the fly ash as well as the reaction between
some of the SiO, and graphitic carbon.”***

2CaS0, — 2Ca0 + 250, + O, (7)
Si0, + 3C — SiC +2CO (8)
28i0, + 3C + N, — Si,N,0 + 3CO (9)

In the final stage (1345-1480 °C), the mass curve exhibits fluc-
tuating changes in mass, and two exothermic peaks of crystal-
lization are observed at temperatures of 1356 °C and 1405 °C,
respectively. After careful analysis, it is hypothesized that the
synthesis reactions of O’-Sialon and B-Sialon occur during this
temperature range.> Significantly, the mass decrease in this
stage may be attributed to ongoing reactions taking place across
both low-temperature and high-temperature sections
throughout the heating process. Additionally, the mass loss
observed in this stage may also be associated with phase
transformation processes, such as the partial transformation of
O'-Sialon to B-Sialon, taking place at elevated temperatures.”
Assuming an x value of 0.20 for O’-Sialon and a z value of 0.6 for
B-Sialon, the reaction process can be illustrated as follows.
However, further validation through post-sintering experiments
is necessary to confirm the accuracy of our analysis (Fig. 2).

0.9S1,N,0 + 0.1A1,05 — Si; gAly,0 2Ny 8 (10)

Si]_gAlQ_zO]_zN]»g + Nz g Si5_4A10_600_6N7_4 + 1502 (11)
3.3 The effect of heat treatment temperature

Based on the thermal analysis of the raw materials' sintering
process, an experimental program was designed to investigate
the influence of heat treatment temperature. The heat

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The TG-DSC result of mixed raw materials and the Gibbs free energy of each reaction.

treatment temperature range was set between 1250-1450 °C.
The impact of heat treatment temperature on the final physical
phase structure was analyzed, and the results are presented in
Fig. 3. It is evident from the figure that different heat treatment
temperatures significantly affect the composition of the phys-
ical phase. Specifically, at a minimum treatment temperature of
1250 °C, the crystalline phase composition primarily consists of
Si, Si,N,0, SiC, and mullite phases. Considering the composi-
tion analysis of raw material's physical phase, it can be observed
that Si and mullite are inherent components in its physical
phase. Upon heating to 1250 °C, graphitic carbon reacts with

© 2026 The Author(s). Published by the Royal Society of Chemistry

a portion of Si to form SiC phase while some quartz component
generates Si,N,O from Si mono component. However, based on
XRD peak spectrum intensity analysis, both synthesized SiC and
Si,N,O contents were relatively low.

As the sintering temperature increased to 1300 °C, it is
evident that the peak intensity of the monocrystalline silicon
crystal phase decreased, while simultaneously, there was an
increase in the peak intensity of the Si,N,O phase. This obser-
vation suggests that higher temperatures accelerate the
synthesis of Si,N,0O phase and demonstrate a favorable

promotion effect on the reaction. Additionally, a few

RSC Adv, 2026, 16, 23430-23442 | 23433
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Fig. 3 The XRD results of samples sintered at various temperatures.

characteristic peaks corresponding to SiC phase and mullite
phase were observed at this temperature, indicating that 1250 °
C and 1300 °C are insufficient for synthesizing the desired
products; thus, necessitating further elevation of sintering
temperature.

When the samples were sintered at 1350 °C, a significant
alteration in the physical phase composition was observed
compared to the low-temperature sintering treatment. This
observation indicates that the phase assemblage became
dominated by O'-Sialon, accompanied by a minor SiC phase.
Therefore, 1350 °C can be regarded as the key temperature for
the formation of an O’-Sialon-dominant product in the present
system. Furthermore, this finding aligns with the TG-DSC
results aforementioned, which reveal an exothermic peak
precipitation occurring precisely at 1356 °C and further
substantiating the generation of O'-Sialon phase at this
temperature.

With the further increase in sintering temperature, the
formation of B-Sialon phase was observed at 1400 °C and 1450 °
C. The content of B-Sialon phase gradually increased with
higher sintering temperatures. According to semi-quantitative
analysis, the content of B-Sialon phase increased from 12% to
30% between 1400 °C and 1450 °C. The appearance of -Sialon
phase at 1400 °C corresponds to the exothermic peak observed
during crystallization at 1405 °C in the TG-DSC results. This
observation confirms that O’-Sialon can transform into B-Sialon
phase through a high-temperature reaction, as mentioned in
the result of TG-DSC. Furthermore, it provides evidence for the
mass fluctuation observed in TG results being attributed to
Sialon’s crystalline transition (Fig. 4).

The influence of different heat treatment temperatures on
the properties of the materials in this study was further inves-
tigated, with a focus on shrinkage rate, porosity, bulk density,

23434 | RSC Adv, 2026, 16, 23430-23442
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and compressive strength as key parameters examined. Overall,
the results indicate that increasing sintering temperature
promotes densification of the material. The shrinkage rate
increased from 10.75% to 13.95%, accompanied by a decrease
in porosity from 35.05% to 24.18%. Meanwhile, the bulk density
increased from 1.82 g cm > to 2.12 g cm*, and the compressive
strength increased from 72.10 MPa to 104.7 MPa. These
performance indexes surpass those reported for Si;N, materials
mentioned previously in literature reviews. Combined with XRD
phase analysis findings, it can be observed that as sintering
temperature increases, there is a gradual transition in phase
structure from Si monomers towards O'-Sialon phase and
composite phases of O'-Sialon and B-Sialon compounds; this
change positively impacts material performance improvement.
Furthermore, composite phase materials exhibit greater
strength compared to single physical phase counterparts.”**”
Representative SEM micrographs of HF-etched fragment
surfaces of samples sintered at different temperatures are
shown in Fig. 5. From a holistic perspective, an increase in
sintering temperature exhibits a corresponding upward trend in
overall sample density, which aligns with the aforementioned
strength findings. Specifically, EDS analysis combined with
XRD results reveals that at 1250 °C during low-temperature
sintering (Fig. 5(a)), the microstructure is still dominated by
monocrystalline silicon particles together with mullite-related
phases inherited from the fly ash. As the treatment tempera-
ture rises, fine grains emerge within the microscopic
morphology at 1300 °C; compositional analysis confirms their
primary composition as Si,N,0. With a further increase in the
treatment temperature to 1350 °C, the grain size exhibits growth
and assumes a short columnar shape. EDS analysis reveals that
the grains consist of O'-sialon crystal phase. At 1450 °C, the
grain size transitions from short columnar to long columnar,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The shrinkage rate, porosity, bulk density and compressive strength of samples sintered at various temperatures.

indicating that an elevated sintering temperature promotes
grain enlargement as reported by Yan et al.>® The toughening
effect of sialon grains strengthens with an increasing length-to-
diameter ratio, suggesting favorable toughness characteristics
for this material. Simultaneously, a greater amount of glassy or
liquid-phase-derived material can be observed around the
grains and along the intergranular regions, indicating that
impurities present in the raw materials underwent partial
melting at this temperature. This phenomenon not only facili-
tates densification during sintering, but also enhances inter-
granular bonding through the formation of a glassy phase
around the grains and along grain boundaries. The overall

© 2026 The Author(s). Published by the Royal Society of Chemistry

alterations in micro-morphology and corresponding changes in
properties further demonstrate a substantial augmentation in
material strength.>*3°

3.4 The effect of holding time

After determining the temperature required for formation of the
target phase assemblage, 1350 °C was selected to investigate the
influence of holding time (1-9 h) on the phase evolution,
microstructure, and properties of the material.

Firstly, in terms of the physical phase composition, Fig. 6
illustrates significant changes observed. Overall, it is evident
that the material's physical phase composition undergoes

RSC Adv, 2026, 16, 23430-23442 | 23435
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Fig.5 SEM micrographs of HF-etched fragment surfaces of samples sintered at various temperatures: (a) 1250 °C, (b) 1300 °C, (c) 1350 °C, and

(d) 1450 °C.

substantial alterations with varying holding times. A detailed
analysis reveals that when subjected to a 1 hour holding time
treatment, the predominant crystalline phases are mullite, Si,
Si,N,O and SiC phases. At a holding time of 1 h, only part of the
SCW and fly ash participates in the reaction, resulting in limited
formation of Si,N,O and SiC, whereas the target O'-Sialon phase
is still not detected. This indicates that the reaction is still in an
intermediate stage at short holding times. With the increase in

sintering holding time, it is evident from the results that the
peak intensity of Si phase decreases while the peak intensity of
Si,N,O phase increases after a 3 hour holding time treatment.
In other words, as the holding time increases, there is an
increasing proportion of generated Si,N,O phase. By extending
the sintering holding time to 5 h, it is evident from the results
that the physical phase structure primarily consists of O’-Sialon
phase with a minor presence of SiC phase. Furthermore, as the

9h

M-Mullite #-SiC
%-Si,N,0 4-O'-Sialon

S -Si

i
e
ik

Sh

Intensity/a.u.

Fig. 6 XRD patterns of samples sintered at different holding times.
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Fig. 7 Shrinkage, porosity, bulk density, and compressive strength of samples sintered at different holding times.

sintering holding time is extended to 7 h and 9 h, the physical
phase composition remains dominated by O’-Sialon phase.
Collectively, these findings indicate that at a holding time of
3 h, the synthesis reaction for the target product O’-Sialon does
not occur; instead, intermediate products such as SiC and
Si,N,O phases are formed prior to synthesis. However, after
a sintering time of 5 h, successful generation of the desired
product O’-Sialon is observed. With further extension of holding
time, the O'-Sialon-dominant phase assemblage became more
fully developed.

The performance parameters of the materials were analyzed
under different sintering holding times, and the results are

© 2026 The Author(s). Published by the Royal Society of Chemistry

presented in Fig. 7. It can be observed that the overall perfor-
mance of the materials gradually improves with increasing
sintering treatment time. Specifically, as the sintering holding
time is extended, there is an increase in sintering shrinkage
from 11.25% to 12.7%, a decrease in porosity from 35.88% to
26.95%, an increase in compressive strength from 78.34 MPa to
96.48 MPa, and an increase in bulk density from 1.79 g cm > to
2.04 ¢ ecm >, Furthermore, by analyzing the physical phase
composition using XRD, it can be inferred that with longer
holding times, solid phase components undergo reactions
leading to the formation of new crystalline phases which posi-
tively impact material performance.*
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Fig. 8 SEM micrographs of HF-etched fragment surfaces of samples sintered at 1350 °C for various holding times: (a) 1 h, (b) 3 h, (c) 7 h, and (d)

9 h.

Table 2 The chemical composition of raw materials (wt%)

Si Sic ALO,
SCW 38126 59.963 1.723

Si0,  Al,O; CaO Fe,0; SO; TiO, MgO K,0
HAFA 47.998 38.373 4.607 3.399 2.891 1.285 0.561 0.53

The microstructural evolution of the HF-etched fragment
surfaces at different holding times is shown in Fig. 8. The
morphology changes significantly with increasing holding time.
At a holding time of 1 h, the material still contains irregularly
shaped particles, mainly composed of monocrystalline silicon
and mullite phases. As the holding time increases to 3 h,
a microstructure consisting of fine lamellar crystals is formed,
which is identified as Si,N,O by compositional analysis. The
relatively unusual morphology observed in Fig. 8(b) is attributed
to a more porous local region dominated by intermediate
Si,N,O-related microstructural features at 3 h, prior to the full
development of the O’-Sialon-dominant product. Precipitation
of long columnar crystals becomes evident at holding times of
7 h and 9 h. With prolonged sintering time, there is an increase
in liquid phase generation at high temperatures, which subse-
quently cools down in a glassy phase encapsulated within grain
boundaries. The results also demonstrate that an increase in
holding time leads to microstructural changes, resulting in

Table 3 The chemical composition of raw materials (wt%)

grain growth and an augmentation of the liquid phase. These
alterations positively influence the macroscopic properties of
the material.*?

3.5 Migration and transformation of impurity elements

During the utilization of solid waste raw materials for O’-Sialon
synthesis, it is crucial to consider both the presence of impurity
elements and their transformation behavior during high
temperature treatment. In this study, the primary composition
of the raw material includes SCW and HAFA. Based on the raw-
material composition data shown in Table 2, only minor
impurity elements are present in SCW, whereas most impurity
elements originate from HAFA. The composition of the raw
materials after mixing is presented in Table 3, revealing that the
primary impurity elements are CaO and Fe,O3, accompanied by
a minor presence of SO;. Furthermore, analysis of the TG
results indicates that calcium in the fly ash exists as calcium
sulfate, which decomposes at elevated temperatures (1000 °C)
to generate CaO and release gaseous SO,. Consequently, this
study focuses solely on two elemental considerations: Ca and
Fe. Prior to the analysis, the atmospheric composition during
the heat treatment process was initially defined. High-purity
nitrogen (99.5% purity) was introduced into the heat treat-
ment procedure. It can be inferred that, under the experimental
conditions, Py, = 0.995P’, P,, = 10 x 10 °P’ and Py, = 4.5 x
1072°P’ (Fig. 9).

Si SiC Sio, Al O3

CaO

Fe,0, SO; TiO, MgO K,O

Mixture 19.063 29.982 23.999 20.048

23438 | RSC Adv, 2026, 16, 23430-23442

2.304

1.699 1.446 0.642 0.281 0.265
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Fig.9 Thermodynamic parameter state diagrams of Si—-O-N and Ca—O-N systems at 1773 K and the microstructural result of sample sintered at

1350 °C for 5 h.

Firstly, in the phase diagram analysis, focusing on the
direction of Ca element, it can be observed that under the
atmospheric conditions of this study and at a temperature of
1823 K, Ca elements predominantly exist in the form of Ca-o-
Sialon based on thermodynamic parameter state diagrams for
stacked Si-O-N, AI-O-N, and Ca-O-N systems. Furthermore,
through analysis of actual sintering results, spherical particles
were found on the micro-morphology of samples processed by
sintering and holding at 1350 °C for 5 h. EDS analysis revealed
a high proportion of Ca element within these particles. To
explain this phenomenon further: during high temperature
processes involving impurity element Ca presence, liquid melt
formation with raw materials containing Si and Al components
occurs due to grain growth. According to model theory
regarding grain morphology during liquid-phase sintering from
a kinetic perspective; when diffusion rate exceeds solid/liquid
interface reaction rate and there is a degree of supersatura-
tion in surrounding liquid phase around grains as driving force
for grain growth; low degrees result in noticeable differences in
growth ability leading to anisotropic long columnar particle

Table 4 The A G° value of the reaction equation

formation while high degrees result in less obvious differences
resulting in larger equiaxed round particle development.*
Therefore, under conditions where raw material components
are enriched with Ca element as studied here; saturation levels
within surrounding liquid phase affect Ca-a-SiAION grain
growth resulting in fine spherical particle formation.**

In order to address the changes in Fe element throughout
the entire heat treatment process, an initial analysis was con-
ducted to identify its source, which was found to primarily exist
in the raw material HAFA. The Fe content in fly ash predomi-
nantly exists in the form of Fe;O,. Considering the specific
composition characteristics of the raw materials used in this
experiment, including monocrystalline silicon grinding and
polishing waste as well as carbon overload, it is hypothesized
that the following chemical reactions, shown in Table 4, may
occur within the system.

Based on the data presented in the table and the standard
Gibbs free energy changes shown in the graph (Fig. 10(a)), it is
evident that all four reactions are heat-absorbing. The fourth
reaction of Fe;0, reduction to FeO exhibits the lowest Gibbs

Reactions

Standard Gibbs free energy

Fe;04(s) + C(s) = 3FeO(s) + CO(g)
Fe;0,(s) + 4C(s) = 3Fe(s) + 4CO(g)
)
)

B W N

Fe304(s) + CO(g) = 3FeO(s) + CO,(g)

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fe304(s) + SiO,(s) + 6C(s) = Fe;Si(s) + 6CO(g)

AG’ = 182892.4-211.1T (] mol %)
AG” = 653 460.3-658.5T (] mol )
AG’ = 1222 677—-993.9T (J mol ™)
AG’ = 30170-28.38T (J mol )
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Fig. 10 (a) AG’+-T relationship diagram of the reaction equation, (b) thermodynamic state diagram of Fe—O—N, (c) region diagram of stable

existence of each substance in Fe—Si system with excess of C and SiO,.

free energy below 1100 K. The Gibbs free energies of reactions 2
and 3 decrease rapidly with increasing sintering temperature,
indicating a greater trend for reduction of Fe;0, to Fe as well as
for generation of Fe;Si from Fe;O, vs. SiO,. The reaction with
the lowest Gibbs free energy for generating Fe suggests that this
trend is most pronounced at high temperatures and results in
a stable phase of generated Fe. Considering atmospheric partial
pressure effects on product formation, thermodynamic
parameters were plotted for the Fe-O-N system at 1873 K based
on literature data. Under experimental conditions used in this
project, nitrogen has a partial pressure of 0.995 P° while oxygen
has a partial pressure of 4.5 x 1072° P; thus, metallic Fe is
predicted to be the stable Fe-bearing phase according to
Fig. 10(b).

The thermodynamic parameter state diagram presented
above is constructed based on the consideration of Fe, O, and N
only. However, in the actual reaction process, there are abun-
dant amounts of C and SiO, present. Under these conditions, Fe
will continue to react with sufficient C and SiO, to form new
substances. Therefore, it is necessary to reanalyze the behavior
of Fe under these specific conditions. Since the reaction takes
place in a flowing nitrogen atmosphere containing ample
amounts of C and SiO,, the formation of CO gas should occur as
a reaction product. The partial pressure (P.,) of CO gas will
inevitably exert a significant influence on the overall reaction
results. Therefore, based on the correlation between the Gibbs

23440 | RSC Adv, 2026, 16, 23430-23442

free energy of specific reactions and temperature as well as CO
partial pressure, we have constructed a phase diagram illus-
trating the dominant region in the Fe-Si system under an excess
of C and Si0,. It should be noted that P, = 10 x 10°F i.e., In
P.o/P’ = —4.6 under our experimental conditions. As depicted in
Fig. 10(c), Fe exists predominantly in the form of Fe;Si within
our experimental atmosphere. Furthermore, it is worth
mentioning that increasing temperature, enhancing N, flow
rate, and reducing CO partial pressure all contribute favorably
to the formation of Fe;Si.

4. Conclusion

O'-Sialon-based ceramics were successfully synthesized from
SCW and HAFA through a carbothermal reduction-nitridation
route. Thermal analysis provided an indicative temperature
window for phase evolution, and the sintering experiments
confirmed that 1350 °C is the critical temperature for obtaining
an O'-Sialon-dominant phase assemblage in the present system,
whereas higher temperatures promote the formation of B-Sia-
lon. At 1350 °C, a holding time of about 5 h was required for full
development of the O’-Sialon-dominant product. Increasing
temperature or holding time improved densification and
compressive strength through progressive reaction, grain
development, and liquid-phase-assisted sintering. Thermody-
namic analysis together with microstructural observations

© 2026 The Author(s). Published by the Royal Society of Chemistry
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further suggests that Ca is redistributed into Ca-containing
SiAlON-related phases, while Fe is mainly stabilized as Fe3Si.
These results demonstrate the feasibility of converting SCW and
HAFA into value-added SiAlON-based ceramics, although
further work is still needed to assess raw-material variability,
process reproducibility, and scale-up.
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