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Abstract

Foamed ceramics are widely used in construction as a building material. This article used potassium feldspar tailings as
the primary raw material and added a silicon carbide (SiC) foaming agent to prepare samples through a sintering process.
The impact of three factors — SiC content, sintering temperature and heat preservation time — on sample properties (such
as bulk density and water absorption rate) was analyzed using a single-factor variable method. It was found that the increase
in SiC content, sintering temperature, and heat preservation time increased pores inside the sample, thereby leading to
a higher water absorption rate, lower compressive strength and higher mass loss rate, i.e., decreased sample performance.
Overall, the optimal sintering process parameters were as follows: a SiC content of 1.0 wt%, a sintering temperature of
1,250°C and a heat preservation time of 30 minutes. Under these conditions, the obtained sample had a bulk density of
0.54 glcm?®, a water absorption rate of 13.45%, a compressive strength of 4.75 MPa, a thermal conductivity of 0.06 W/(m-K)
and an acid resistance mass loss of 1.21%, exhibiting the optimal performance. The experimental results provide appropriate
SiC content and sintering parameters that can be applied in practice to obtain higher-performance foam ceramics.
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1. Introduction

In the face of the escalating contradiction between energy sup-
ply and demand, the development of energy-saving products has
become a current focus, and building energy efficiency is also
an essential content [1]. With building energy consumption in-
tensifying, waste reuse and energy-saving materials have been
increasingly widely studied [2]. Foamed ceramics are environ-
mentally friendly materials. Compared with ordinary ceramics,
foamed ceramics perform better in heat preservation, insulation,
sound insulation, and other aspects due to the formation of
a large number of bubbles in the firing process [3]. Moreover,
foamed ceramics have the characteristics of lightweight and
high-strength. It can be used not only as an excellent filtration

or carrier material [4] but also for artificial bone repair or drug-
loaded materials [5]. In construction engineering, foamed ce-
ramics, as a new building material, have also been extensively
used for thermal insulation of external walls [6], reducing con-
struction loads while achieving good effects. Due to the excel-
lent performance of foamed ceramics, the preparation process
and properties have also received more and more attention from
researchers [7]. Sandoval et al. [8] prepared porous ceramics by
using mullite as raw material and the direct foaming method
(1,600 °C, two hours). They conducted an analysis of the micro-
structure in order to comprehend the impact of bovine serum al-
bumin as a foaming and binding agent. Alias et al. [9] utilized
treated desulfurization sludge to generate porous ceramics
through foaming. They analyzed the porosity and mechanical
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Nomenclature

L —mass loss rate

m —mass, kg

m, — mass of the sample, kg

m, — mass of the sample after immersing in water and drying, kg
my — mass of the dry sample, kg

m, — mass of the sample after cooling, kg

strength of the samples and found that the increased porosity
significantly reduced the flexural strength of the samples after
sintering at 1,200°C for three hours. Hu et al. [10] prepared po-
rous ceramics using Al203-SiO,, TiO, and silicon carbide (SiC)
with low density and high porosity. Jia et al. [11] studied the
properties of porous ceramics prepared by the freeze-gelation
method. They discovered that the samples had relatively high
mechanical strength and good adiabatic properties. According to
the current practical requirements of foamed ceramics in build-
ing material applications, there is a higher demand for its various
properties. Moreover, deeper research on energy-saving proper-
ties of building materials is also needed to face further develop-
ment of green buildings. Currently, many materials have been
applied to prepare foamed ceramics. This article conducted an
in-depth study on the sintering preparation process of foamed
ceramics using potassium feldspar tailings as raw material. The
ceramic properties under different sintering preparation pro-
cesses were analysed using the single-factor variable method.
This paper contributes to further optimizing the preparation of
foamed ceramics, improving their performance and achieving
better application in the construction materials market.

2. Materials and methods

2.1. Experimental subjects

Produced by firing natural ores, ceramics are characterized by
high hardness, low density, and corrosion resistance, and have
extensive applications in daily life, art, culture and the construc-
tion industry [12]. With the progress of technology and evolving
demands, there has been an increasing focus on researching var-
ious new types of ceramics [13].

Adding SiC foaming agent to cores can produce foamed (po-
rous) ceramics, a novel functional material. Compared to regular
ceramics, foamed ceramics exhibit significantly enhanced prop-
erties and further broaden their range of applications.

Foamed ceramics are light as abundant pores are generated
during sintering. Moreover, their stable skeleton structure pro-
vides excellent strength, making them highly suitable for appli-
cations in the construction industry. The presence of pores al-
lows for adequate heat and sound insulation, making them ex-
cellent thermal and acoustic insulating materials. Moreover, the
high porosity enables reliable filtration and adsorption capabili-
ties [14]. Additionally, foamed ceramics exhibit exceptional re-
sistance to corrosion from acids and alkalis, providing a distinct
advantage in scenarios like wastewater filtration and high-tem-
perature dust removal [15].

The study of the preparation process for foamed ceramics
holds significant practical value due to their excellent perfor-

P —failure load, MN

S —area of pressure surface, m?
V —volume, m?

w, — mass water absorption rate

Greek symbols
p —density, kg/m3
o —compressive strength, MPa

mance and diverse application scenarios. It enables better con-
trol over product performance and ensures alignment with mar-
ket demand.

2.2. Experimental materials

The following materials are considered:

(1) Potassium feldspar tailings: They are produced by a min-
ing company in Henan Province. Their chemical compo-
sition contains a large amount of SiO; and Al,O3, making
them suitable for ceramic preparation. Their main com-
ponents are shown in Table 1.

(2) Silicon carbide (SiC) foaming agent: It is prepared by Si-
nopharm Group Chemical Reagent Co., Ltd., and is
chemically pure. In a high-temperature environment, SiC
can react with oxygen [16] to produce bubbles, and the
reaction equations of this process are:

SiC 4+ 0, - Si0, + CO T,

SiC + 0, - Si0, + CO, 1.

Table 1. Main chemical composition of potassium feldspar.

Chemical composition, wt%

SiO. 46.87
Al;03 10.93
K20 9.46
Fe203 1.42
Na.0 1.36

2.3. Experimental equipment

The main equipment used in the experiment is listed in Table 2.

2.4. Ceramic preparation process

The preparation process of ceramics is shown in Fig. 1. Based
on Fig. 1, the preparation steps are outlined as follows:
(1) Potassium feldspar was ball-milled with the SiC foaming
agent;
(2) A suitable amount of water was added to moisten the
mixture, and then it was screened using a 100-mesh sieve;
(3) The mixture was pressed into a mould and pressed to
form the desired shape;
(4) The moulded sample was dried in an oven for 12 hours;
(5) The ceramic embryo was sintered and foamed in a cham-
ber furnace.
The sample was heated at a rate of 15°C/min to 300°C, kept
at 300°C for 50 min, and heated again at a rate of 15°C/min until
reaching the sintering temperature. After being held at this tem-
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Table 2. Experimental equipment.

Model

Equipment number Factory
. Shanghai Shuangxu
Elect bal HZF-A200
ectronic balance Electronics Co., Ltd.
Planetary ball mill YXam Guangzhou Gurui
v Technology Co., Ltd.
Standard test sieve 100 mesh X|r.1X|ang Tongxin Ma-
chinery Co., Ltd.
Microcomputer con- YAW-300 Xian County Rushi
trol pressure tester Technology Co., Ltd.
. Tianjin Taisite Instru-
V d DZ-1BCIV
acuum drying oven ment Co., Ltd.
Tianjin Zhonghuan
Chamber furnace SX-G Electric Furnace Co.,
Ltd.
Static water mechan- Hebei Ningke Instru-
ics balance JY5001 ment Co., Ltd.
. TC5645-  lJinan Zhongbote Spe-
Crucible 30 cial Ceramics Co., Ltd.
Shanghai Jingxin In-
C tant ter bath X
::S ant water ba HH-2S dustrial Development
g Co., Ltd.
. Shanghai Raochelab
;I}(‘leitth::‘r;]alz:?nduc- C-THERM | Technology Develop-
Y Y ment Co., Ltd.
Potassium feldspar and SiC
foaming agent
Y
Mix by ball- o - | Compression
milling o Sieving " | moulding forming

Y

Experimental
sample

High-temperature
sintering

< Drying

\

Performance
test

Fig. 1. Flow chart of the ceramic preparation process.

perature for a certain period of time, it was cooled down to room
temperature to obtain the experimental sample.

This study investigated three parameters, namely SiC con-
tent, sintering temperature and holding time for sample prepara-
tion using a single-factor variable method [17]. The interpreta-
tion of these factors is shown below.

(1) SiC content: SiC content impacts the gas generation
within the ceramic embryo, subsequently influencing the
formation of porosity.

(2) Sintering temperature [18]: The sintering temperature af-
fects the reaction of the foaming agent during the sinter-
ing process, thereby affecting the internal structure and
properties of the sample.

(3) Heat preservation time: The sample may only foam ade-
quately if the heat preservation time is short, resulting in
small pores and high bulk density. Conversely, an exces-
sively long heat preservation time can lead to continued
growth of pores, resulting in thinner pore walls and re-
duced compressive strength. Therefore, selecting an ap-
propriate heat preservation time is essential.

2.5. Performance testing

The following parameters were investigated:

(1) Bulk density: The sample was dried in an oven until no
further change in mass; its mass was called m, and its
bulk density was calculated:

m
pP= 7! (1)
where V is volume.
(2) Water absorption rate: The sample was weighed using
a static water mechanics balance, and its mass of the sam-
ple was denoted as m,. The sample was immersed in wa-
ter until saturated and then dried, and its mass was de-
noted as m,. The water absorption rate was calculated:

w, = %1’"1 X 100%. 2)

(3) Compressive strength: Using a microcomputer-con-
trolled pressure testing machine, the sample was cut into
standard blocks. The area of pressure surface (S) is cal-
culated. A pressure test was conducted. If the failure load
was P, the compressive strength was

o=5 @)

(4) Thermal conductivity coefficient: it was determined us-
ing a TCi thermal conductivity meter.

(5) Acid resistance: The dry sample with a mass of ms was
added with 20% sulfuric acid, boiled for one hour,
washed and burned in a crucible at 700 °C until constant
weight. After cooling at room temperature, its mass was
weighed and denoted as m,. The mass loss rate is calcu-
lated:

L =" 100%. (4)
m3

3. Results and analysis

The properties of the sample mixed with different SiC contents
are presented in Table 3.

It can be observed that an increase in SiC content resulted in
a higher number of internal pores within the samples, leading to
a decrease in bulk density and a significant increase in water ab-
sorption rate. Specifically, the water absorption rate of the
1.5 wt% SiC sample showed a 22.92% increase compared to the
0.5 wt% SiC sample. The increased SiC content contributed to

Table 3. Effect of SiC content on properties.

05wt% 1.0wt% 1.5wt%
Bulk density, g/cm? 0.51 0.43 0.35
Water absorption rate, % 7.11 18.02 30.03
Compressive strength, MPa 7.23 5.35 2.12
Thermal conductivity coeffi-
cient, W/(m-K) 0.07 0.06 0.05
Acid-resistance mass loss 0.92 112 316

rate, %
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a rise in the number of internal pores, which subsequently re-
duced the compressive strength and thermal conductivity of the
samples. The compressive strength decreased from 7.23 MPa to
2.12 MPa, while the thermal conductivity decreased from
0.07 W/(m-K) to 0.05 W/(m-K). With the increase of pores, the
contact area between the sample and acid increased, leading to
decreased acid resistance. It can be concluded that the changes
in water absorption rate, compressive strength, and mass loss
were significant when increasing SiC content from 1.0 wt% to
1.5 wt%. Therefore, opting for a SiC content of 1.0 wt% was
more suitable.

The properties of the samples mixed with 1.0 wt% SiC under
a heat preservation time of 30 minutes at different sintering tem-
peratures are presented in Table 4.

Table 4. Effect of sintering temperature on properties.

1,200°C 1,250°C 1,300°C

Bulk density, g/cm? 0.68 0.54 0.42
Water absorption rate, % 3.84 13.45 48.94
Compressive strength, MPa 8.07 4.75 0.98
Thermal conductivity coeffi- 0.08 0.06 0.05
cient, W(m-K)

Acid-resistant mass loss 0.87 1.21 4.37
rate, %

It can be observed that as the sintering temperature increased,
the reaction of SiC became more intense, resulting in the for-
mation of a more significant number of expansion pores in the
embryo. However, as the sintering temperature continued to rise,
there was a possibility of pore rupture and penetration, leading
to an increase in the water absorption rate. Specifically, the wa-
ter absorption rate increased by 9.61% from 1,200°C to 1,250°C
and by 35.49% from 1,250°C to 1,300°C. These findings indi-
cated that the sample contained more pores at higher sintering
temperatures. Additionally, in the presence of multiple pores,
the sample became more susceptible to cracking under pressure,
decreasing compressive strength. The sample's compressive
strength at 1,300°C was only 20.63% of that at 1,250°C. Simi-
larly, the mass loss rate exhibited a significant increase, from
1.21% at 1,250°C to 4.37% at 1,300°C. While the sample
demonstrated the lowest thermal conductivity coefficient at
1,300°C, their compressive strength and water absorption rate
were poor. Therefore, a sintering temperature of 1,250°C was
preferred.

Table 5 shows the properties of the samples under different
heat preservation durations when the SiC content and sintering
temperature were fixed at 1.0 wt% and 1,250°C.

According to Table 5, it can be observed that as the heat
preservation time was extended, the bulk density of the sample
decreased, and the water absorption rate increased. This was be-
cause a longer heat preservation time allowed for more complete
foaming of the sample, resulting in a decrease in density, an in-
crease in water absorption rate, and a decrease in compressive
strength. For instance, at a heat preservation time of 60 minutes,
the compressive strength was only 1.03 MPa, indicating a sig-
nificant decrease of 78.32% compared to the 30-minute heat

preservation time. The thermal conductivity coefficient in-
creased when extending the heat preservation time from
50 minutes to 60 minutes, reaching 0.06 W/(m-K). This could
be attributed to the appearance of more penetrating holes within
the sample, enhancing gas convection and subsequently increas-
ing the thermal conductivity coefficient. In addition, the mass
loss rate in the acid resistance test also increased due to the in-
crease of pores, rising from 1.21% at 30 minutes to 3.547% at
60 minutes. Thus, a heat preservation time of 30 minutes was
more suitable.

Table 5. Effect of heat preservation time on performance.

30 min 40 min 50 min
Bulk density, g/cm? 0.54 0.47 0.42
Water absorption rate, % 13.45 15.56 25.87
Compressive strength, MPa 4.75 2.02 1.46
Thermal conductivity coeffi-

0.06 0.06 0.05

cient, W/(m-K)
Acid-resistant mass loss 191 1.46 )12

rate, %

4. Conclusions

This study investigated the foamed ceramics prepared by sinter-
ing with SiC foaming agent to achieve better application of ce-
ramic materials in practical construction projects. The results
showed that increasing the amount of SiC led to more pores,
higher water absorption rate, and lower compressive strength.
An appropriate SiC content was found to be 1.0 wt%. Improving
the sintering temperature resulted in a more complete reaction
of the foaming agent, more pores, lower compressive strength
and higher mass loss. An appropriate sintering temperature was
determined to be 1,250°C. Extending the heat preservation time
generated more internal pores in the samples, and the optimal
time was 30 minutes.

A sample sintered using 1.0 wt% SiC at 1,250°C and insu-
lated for 30 minutes exhibits good performance with a compres-
sive strength of 4.75 MPa and a thermal conductivity coefficient
of 0.06 W/(m-K), making it suitable for practical applications.
However, this study also has some limitations. For instance, it
only investigated the influence of sintering preparation pro-
cesses on performance and lacked analysis of sample phase tran-
sitions and pore structures. In future work, a comparison will be
made among more preparation methods, and the performance of
the samples will be further analyzed.

References

[1] Zhang, P., Wang, W., Zheng, Y., & Hu, S. (2023). Effect of recy-
cled aggregate and slag as substitutes for natural aggregate and ce-
ment on the properties of concrete: a review. Journal of Renewable
Materials, 11(4), 1853-1879. doi: 10.32604/jrm.2023.024981

[2] Maslennikova, L.L., Babak, N.A., & Naginskii, l.A. (2019).
Modern building materials using waste from the dismantling of
buildings and structures. Materials Science Forum, 945, 1016—
1023. doi: 10.4028/www.scientific.net/MSF.945.1016

138



(3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

A study on ceramic sintering preparation process and properties with the addition of ...

Rezaei, E., Barbato, M., Gianella, S., Ortona, A., & Haussener, S.
(2019). Pressure drop and convective heat transfer in porous ce-
ramic structures fabricated by additive manufacturing. Journal of
Heat Transfer, 142(3), 032702. doi: 10.1115/1.4045732
Shishkin, A., Aguedal, H., Goel, G., Peculevica, J., Newport, D.,
& Ozolins, J. (2021). Influence of waste glass in the foaming pro-
cess of open cell porous ceramic as filtration media for industrial
wastewater. Journal of Cleaner Production, 282, 124546. doi:
10.1016/j.jclepro.2020.124546

Whitehouse, M.R., Dacombe, P.J., Webb, J.C.J., & Blom, A.W.
(2013). Impaction grafting of the acetabulum with ceramic bone
graft substitute mixed with femoral head allograft: High survivor-
ship in 43 patients with a median follow-up of 7 years. Acta Ortho-
paedica, 84(4), 365-370. doi: 10.3109/17453674.2013.792031
Feng, C., Guimares, A.S., Ramos, N., Sun, L., Gawin, D., Konca,
P., Hall, C., Zhao, J., Hirsch, H., Grunewald, J., Fredriksson, M.,
Hansen K.K., Pavlik, Z., Hamilton, A., & Janssen, H. (2020). Hy-
gric properties of porous building materials (V1): A round robin
campaign. Building and Environment, 185, 1-14. doi: 10.1016/
j.buildenv.2020.107242

Wang, S., Zhang, X., Kuang, F., Li, J., Wang, Y., Wang, R.,
Wang, Y., Lin, X., & Li, J. (2019). Preparation and properties of
a new porous ceramic material used in clean energy field. Journal
of Materials Science & Technology, 35(7), 1255-1260. doi:
10.1016/j.jmst.2019.03.038

Sandoval, M.L., Ramajo, L., & Camerucci, M.A. (2019). Cellular
mullite materials processed by direct foaming and protein casting.
Journal of the European Ceramic Society, 39(7), 2472—2483. doi:
10.1016/j.jeurceramsoc.2019.02.018

Alias, S.1., Johar, B., Adam, S.N.F., Taib, M.A.A., Othman, F.F.,
& Yahya, H. (2022). Preparation of porous porcelain with treated
flue gas desulfurization (FGD) sludges the foaming agent. Key
Engineering Materials, 908, 245-249. doi: 10.4028/p-1xdpb0
Hu, H., Zhong, H., & Zhang, B. (2022). Fabricating porous ce-
ramic materials via phase separations in blends of cellulose ace-
tate and ceramic nanoparticles. Journal of the American Ceramic
Society, 105(8), 5461-5471. doi: 10.1111/jace.18497

Jia, P., Watanabe, M., & Nakane, T. (2022). Development of po-

[12]

[13]

rous ceramic thermal insulators. Journal of the Technical Associ-
ation of Refractories, 42(2), 108.

Yang, J., Xu, L., Wang, Z., Tang, Z., & Wu, H.Q. (2020). Prepa-
ration and properties of building decoration ceramic materials
from spodumene flotation tailings. Chemical Industry and Engi-
neering Progress, 39(9), 3777-3785. doi: 10.16085/j.issn.1000-
6613.2019-1877

Ochoa-Pérez, P., Gonzalez-Crespo, A.M., Garcia-Lucas, A., Ji-
ménez-Martinez, F.J.,, Vazquez-Rodriguez, M., & Pardo, L.
(2021). FEA study of shear mode decoupling in nonstandard thin
plates of a lead-free piezoelectric ceramic. IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control, 68(2), 325—
333. doi: 10.1109/TUFFC.2020.2996083

[14] Dey, A., Kayal, N., Chakrabarti, O., Fortes, N.M., Innocentini, M.

[15]

[16]

[17]

[18]

139

D. M., Molla, A. R., Sinha, P., & Dalui, S. (2021). Studies on
processing of layered oxide-bonded porous sic ceramic filter ma-
terials. International Journal of Applied Ceramic Technology,
18(3), 869-879. doi: 10.1111/ijac.13717

Ding, Y., Lu, Y., Yun, K., Liu, J., & Liang, N. (2021). The study
on porosity controllable filter material for the integrated gasifica-
tion combined cycle. Solid State Phenomena, 315, 10-15. doi:
10.4028/www.scientific.net/SSP.315.10

Fang, W., Hou, L., & Li, Y. (2021). Foaming mechanism of SiC
in steel slag foamed ceramics. I1SIJ International, 61(3), 1043—
1052. doi: 10.2355/isijinternational .ISIJINT-2020-271

Zhu, X., Chi, R., Du, Y., Qin, J., Xiong, Z., Zhang, W., & Li, X.
(2020). Experimental study on the key factors of low-loss thresh-
ing of high-moisture maize. International Journal of Agricultural
and Biological Engineering, (5), 23-31. doi: 10.25165/j.ijabe.
20201305.5653

Safronova, N.A., Kryzhanovska, O.S., Dobrotvorska, M.V.,
Balabanov, A.E., Yavetskiy, R.P., Parkhomenko, S.V., Brodskii,
R.Y., Baumer, V.N., Kosyanov, D.Y., Shichalin, O.0O., Papynov,
E.K., & Li, J. (2020). Influence of sintering temperature on struc-
tural and optical properties of Y203-MgO composite SPS ce-
ramics. Ceramics International, 46(5), 6537-6543. doi: 10.1016/
j.ceramint.2019.11.137



