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Abstract: The rapid development of the traditional ceramic industry contributes considerably to
economic advancements; however, the ecological hazards caused by the large amount of sintered
ceramic wastes generated during ceramic production and discarded at landfill sites are becoming
increasingly severe. To realize the large-scale resource utilization of ceramic waste, sintered ceramic
waste was used in this study to partially replace natural quartz sand, and new environmentally
friendly artificial stones were fabricated by using vacuum vibration molding and inorganic/organic
composite curing technology. The effects of ceramic waste addition and particle size on the mechanical
strength, surface hardness, wear resistance, stain resistance, and microstructure of artificial stone
materials were investigated. The results showed that the replacement of quartz sand with 40-55%
ceramic waste significantly improved the mechanical strength of artificial stone and maintained
sufficient surface hardness and wear resistance. When 45% of ceramic waste powder (particle size
> 120 mesh) was added, the bending strength of the artificial stone was 64.4 MPa, whereas when
55% of ceramic waste particles with different particle sizes were added, the maximum compressive
strength was 158.7 MPa. Good wear resistance and sufficient Moh’s hardness of 5.5-6.5 was obtained
for all the samples. The prepared ceramic waste artificial stone also had a dense microstructure and
low water absorption and porosity, which are helpful for improving stain resistance.

Keywords: ceramic waste; resource utilization; resin-based artificial stone; mechanical properties;

stain resistance

1. Introduction

China is the largest ceramic producer and consumer in the world, and its output of
traditional ceramics has ranked first in the world for more than 10 consecutive years. In
2021, the output of building ceramics was approximately 8.174 billion square meters, and
the output of sanitary ceramics and daily ceramics reached approximately 220 million
and 60 billion square meters, respectively. The rapid development of the traditional
ceramic industry has made a significant contribution to China’s economic construction [1].
However, the massive ceramic output is also accompanied by substantial ceramic wastes.
At present, the annual amount of solid waste generated from traditional ceramic production
in China has reached nearly 20 million tons [1]. A large amount of sintered ceramic wastes
are mainly discarded at landfill sites, occupying a large amount of land and causing
severe environmental pollution [2], which has become a prominent problem to plague the
ecological development of ceramic production areas.

The dominant ceramic producers from developed countries, such as Japan, Italy,
the United States, the United Kingdom, Turkey, and Spain had pioneered the pollution
control and resource utilization of ceramic waste in the mid-1990s [3]. Early research
mainly focused on the application of non-sintered ceramic waste with certain hardening
characteristics to the preparation of cement or concrete [4-9], but the cost accrued by the
collection of solid waste and off-site transportation caused this technology to be rarely
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applied in practice. From the perspective of economics and technology, it is more feasible
to consume ceramic waste in the local enterprise or use ceramic waste cooperatively in
the ceramic industry park. After years of research and application practice, most of the
non-sintered solid wastes (such as waste billets and waste sludge) have been recycled
for the same type of ceramic products in many countries with a high level of ceramic
production technology, such as China, Japan, Spain, and Italy [1,10-17]. In the past 10 years,
rapid growth of the traditional ceramic industry led to the depletion of high-quality raw
material resources and escalated ceramic waste pollution, causing increased attention from
the government and industry on efforts to recycle ceramic waste. However, only a few
large enterprises with complete process technology and equipment have the resources to
realize the recycling of some solid wastes, which are mainly developed for the production
of products such as light ceramic tiles, vitrified tiles, permeable tiles, etc. [11,12]. To ensure
the stability of production process and quality, the consumption of ceramic waste is kept
low. Therefore, a large number of ceramic wastes are still directly disposed of directly
in landfill [13], and the problems of ecological environment pollution and land resource
occupation cannot be ignored [18,19].

Artificial stone is a building material generally made of natural mineral materials such
as quartz sand, marble, calcite, and binder of organic resin [20-23] or inorganic cementitious
material [24-28]. In recent years, the resin-based artificial stone is becoming favored by
the construction industry because of its excellent appearance, outstanding stain resistance,
and mechanical properties [29,30]. The demand for artificial stone is growing rapidly [31],
and it has become one of the good candidates to replace natural stone. Natural minerals
are non-renewable resources, and their overexploitation will not only cause damage to the
natural environment; it will also face the crisis of resource depletion. Therefore, nowadays,
the recycling of various solid wastes in the preparation of artificial materials has been
intensively concerned [19,22,32-36]. Ceramic waste (CW) sintered at high temperature is
still composed of silicate phases. After reasonable crushing, the ceramic waste particles
have high hardness and a smooth surface, so it has great potential to replace the use of
natural mineral aggregates in the preparation of resin-based artificial stones [37,38]. This
not only alleviates the concern of a shortage of natural mineral resources, it also opens up a
new way for the large-scale resource utilization of ceramic waste [39], which is expected to
bring substantial economic and social benefits. However, the composition of ceramic waste
and the complexity of its appearance will have varying effects on the bonding strength of
the inorganic/organic interface. For this reason, sintered ceramic waste was investigated
to replace natural mineral quartz sand as the main raw material in preparing resin-based
artificial stone. In this study, the effects of additional content and particle size of waste
ceramic particles on the mechanical properties, stain resistance, and microstructure of the
prepared artificial stone materials were studied.

2. Materials and Methods
2.1. Raw Materials and Reagents

The sintered ceramic waste used in the experiment was produced in the production of
domestic and sanitary ceramics in Jingdezhen, Jiangxi Province, as shown in Figure 1. To
investigate the effect of the particle size of sintered ceramic waste on the properties of artifi-
cial stone and the feasibility of simplifying the preparation process, two different methods
were used to process the solid waste raw materials. (1) After the solid waste was processed
by employing jaw crushing and sieving classification, different particle size levels, such as
8-26 mesh (0.710-2.36 mm) and 26-70 mesh (0.212-0.710 mm), were obtained (referred to
as particle material). (2) After jaw crushing, the ceramic waste was further crushed by ball
milling and sieved and graded to obtain the powders with a mesh size of >120 (<0.125 mm)
and a median diameter (D50) of approximately 45 um (referred to as fine powder). The
industrial grade quartz sand used included different particle size ranges of 826 mesh,
26-70 mesh, and >120 mesh. The resin used was o-phenyl unsaturated polyester resin.
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The coupling agent used was KH-570 (y-methacryloxypropyltrimethoxysilane), the curing
agent was methyl ethyl ketone peroxide, and the accelerator was cobalt naphthenate.

Figure 1. Photo of the used ceramic waste.

2.2. Preparation of Artificial Stone Samples

In this experiment, based on the different particle sizes of ceramic waste and the raw
materials used for preparing resin-based artificial stone samples, the samples were divided
into two groups: A and B. The samples in Group A were fabricated by using different
contents of fine ceramic waste powders with a mesh size of >120 (median diameter D50
of approximately 45 um) to directly replace the finer quartz particles (see Table 1). The
samples in Group B were prepared by using ceramic waste particle material with a size
of 8-70 mesh and a certain amount of fine powders to replace the quartz particles in the
corresponding gradation (see Table 2). The selected design of these mixtures aims to better
investigate the effects of waste content and particle size on the properties of obtained
artificial stones. To facilitate the comparison, the artificial stone samples without ceramic
waste were prepared under the same conditions by mixing quartz particles of different
sizes (826 mesh, 26-70 mesh, and >120 mesh; 23%, 37%, and 28%, respectively).

Table 1. Batching of Group A samples with fine ceramic waste powder instead of quartz sand (in
mass fraction).

Quartz Sand Content of Different

Sample No. ?:fzg::et:ll:; Meshes Resin Content
8-26 26-70
Al 40% 23% 25% 12%
A2 45% 23% 20% 12%
A3 50% 23% 15% 12%
A4 55% 23% 10% 12%
A5 60% 23% 5% 12%

Table 2. Batching of Group B samples with ceramic waste particles instead of quartz sand of different
sizes (in mass fraction).

Total CW 8-26 26-70 >120 Resin
Sample No. Content Quartz Cw Quartz Cw CW Content
Bl 40% 18.40% 4.60% 29.60% 7.40% 28% 12%
B2 45% 16.50% 6.50% 26.50% 10.50% 28% 12%
B3 50% 14.57% 8.43% 23.44% 13.56% 28% 12%
B4 55% 12.65% 10.35% 20.35% 16.65% 28% 12%
B5 60% 10.77% 12.26% 17.26% 19.74% 28% 12%
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The specific preparation process of the sample was as follows. (1) According to
the aggregate particle grading scheme shown in Tables 1 and 2, the crushed and graded
ceramic waste was mixed with the quartz sand particles for 30 min. Then, the coupling
agent aqueous solution and resin solution was added and continued to stir for 5 min
for granulation (the amount of coupling agent was 1 wt% of the amount of resin). After
this step, the appropriate amount of curing agent and curing accelerator were added (the
content of the resin was 0.5 wt%) and fully stirred for 5 min. The mixture was poured into
the forming mold to distribute evenly. (2) High-frequency vibration compaction molding
was performed by applying vacuum vibrating press. The vacuum degree was —0.1 MPa,
molding pressure was 10 MPa, and pressure holding time was 5 min. (3) The samples were
fully cured by holding at 90 °C for 2 h after pressing and molding. After being cured and
molded, the samples were demolded and allowed to naturally cool to room temperature.
The dimension of obtained samples was 140 mm X 75 mm x 20 mm. The performance
tests were conducted after cutting and multi-stage polishing. Figure 2 shows the schematic
diagram of the curing process for ceramic particles combined with resin and the ceramic
waste artificial stone samples obtained after thermocuring, polishing, and cutting.
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Figure 2. (a) Schematic diagram of the curing process between ceramic particles and resin, and
artificial stone samples subjected to (b) thermocuring and (c) polishing and cutting.

2.3. Analysis and Tests

The chemical composition of ceramic waste was analyzed by using X-ray fluorescence
(XRF) spectroscopy (PANalytical B.V., Almelo, Netherlands). The phase composition of
raw materials was analyzed by performing X-ray diffraction (XRD, Bruker, Karlsruhe,
Germany). The surface structure of the ceramic waste before and after modification was
analyzed by applying Fourier transform infrared (FTIR) spectroscopy (Thermo Electron
Corporation, Waltham, the United States). The cross-section microstructure of artificial
stone samples was observed by using field-emission scanning electron microscopy (SEM,
Hitachi, Tokyo, Japan). The three-point bending strength test was conducted by using an
electronic universal material testing machine (Xi’an Letry, Xi’an, China), and the bending
strength of the rectangular sample with a dimension of 60 mm x 15 mm x 10 mm was
calculated by applying Formula (1). The loading speed during the test was 0.5 mm /min.
The same material testing machine was used to test the compression strength of the sample.
First, the cube sample was prepared as per the method described in JC/T908-2013 to have
a side length of 50 mm. Then, the sample was loaded at a constant speed of 2 mm/min
until the sample was damaged, as per the method specified in GB/T9966.1-2020, and the
maximum load was recorded. The compression strength was calculated as P = F/S, where P
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is the compression strength (MPa), F is the maximum load (N), and S is the area of the load-
bearing surface (mm?). Seven specimens were tested under each experimental condition.
The obtained results were averaged, and the standard deviation was also calculated. The
test method specified in Appendix A of JC/T908-2013 was used to determine the Moh's
hardness of samples. A standard ore with known hardness was used to apply force, and
Moh’s hardness was measured by manually scratching the surface of different parts of
the sample evenly and vertically, taking the lowest value as the test result. Based on
the methods specified in JC/T908-2013, GB/T12988-2009, and other standards, the wear
resistance of the samples (100 mm x 70 mm x 15 mm) was measured by using a material
abrasion tester (Xiangtan Xiangyi Instrument Limited, Xiangtan, China). The method
characterizes the wear resistance of a corundum abrasive by measuring the volume of
grooves (grinding pits) worn on the surface of artificial stones caused by the corundum
abrasive under the action of a transmission friction wheel (see Formula (2) and Formula
(3) for the calculation method). The water absorption and porosity of the sample were
determined according to the Archimedes principle and the method in GB/T3810.3-2016.

3FL

o= L 1)

where ¢ is the bending strength (MPa), F is the maximum load when the specimen breaks
(N), L is the span of the specimen (mm), b is the width of the specimen (mm), and # is the
height of the specimen (mm).

™ . hd?

V= (—180—sm0¢)-—8 , (2)
Lo L
SIHE - E, (3)

where V is the volume of the grinding pit (mm?3), a is the value of the angle of the arc-
shaped grinding pit chord to the center of the friction wheel (°), d is the diameter of the
friction wheel (mm), & is the thickness of the friction wheel (mm), and L is the chord length
of the groove (mm).

3. Results and Discussion
3.1. Analysis of Chemical Composition and Physical Structure of Ceramic Waste

The chemical composition of the sintered ceramic waste raw materials used in the
experiment is shown in Table 3. It can be seen that the solid waste has a high content of
SiO; and Al O3, and the flux composition was mainly K,O. The sintering temperature of
the original domestic and sanitary ceramics was relatively high (~1300 °C) in accordance
with the chemical composition, which contributed to dense microstructure of the ceramic
waste. Figure 3 shows the XRD spectrum of the ceramic waste. The main crystal phases
are the quartz crystal phase and the mullite phase (3Al,03-25i0;). In addition, combined
with the chemical composition of ceramic waste, the main phase in ceramic waste is the
silicate glass phase, which accounts for approximately 65% of the phases present. Based
on the chemical and phase composition results, it can be anticipated that the obtained
ceramic waste particles would have good mechanical properties, such as hardness, wear
resistance, and mechanical strength, as well as high density, which helps to reduce the
water absorption rate and improve the stain resistance of artificial stone. Preparing an
inorganic/organic resin-composite-cured artificial stone by replacing quartz sand with
ceramic waste is likely possible because of the hydroxyl groups (-OH) present on the
surface of inorganic oxides in the atmospheric environment, having the ability to combine
with the polysiloxane produced from the hydrolysis of KH-570, a silane coupling agent.
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Table 3. Chemical composition of pretreated ceramic wastes (in mass fraction).

Oxides SiO, Al,O3 K,O Na,O MgO CaO Fe, O3 TiO, MnO P,05 Ig Loss
Content/% 71.99 22.26 3.28 0.85 0.55 0.47 0.21 0.04 0.04 0.06 0.02

e-Hexagonal quartz ~ ¢-Mullite

Intensity (a.u)

M **
Mevenhsin Mmoo ]

\"\“ Ceramics waste
Wbmtmm Tesnes
L R B L DL B R

10 20 30 40 50 60 70 80
26 (%)

Figure 3. XRD pattern of ceramic waste.

3.2. FTIR Analysis of Surface-Modified Ceramic Waste Raw Material Particles

Figure 4 shows the FTIR spectra of the ceramic waste raw materials before and after
modification by silane coupling agent KH-570. The spectra before and after modification
are consistent, indicating that the compositions are the same, but the structure of their
surface groups changes significantly. The broad peak at 3526 cm ™! on the sample surface
before modification is the antisymmetric stretching vibration peak of structural water
OH; the strong and wide absorption band at 1078 cm~! is the antisymmetric stretching
vibration peak of SiO; in the ceramic waste; the symmetric stretching vibration peak of the
Si-O bond is at 793 cm~!; the bending vibration peak of the Si-O bond is at 462 cm~!. A
comparison of the spectrograms before and after the modification of ceramic waste raw
materials reveals that stretching vibration absorption peaks of CH3 and CH; in KH-570 are
present near 2956 cm ! and 2877 cm ! in the modified samples, and that of the C=O bond
is at 1731 cm™!, indicating that organic substances exist on the surface of the modified
ceramic waste particles. That is, after the hydrolysis of the three methoxy functional groups
of the silane coupling agent, it reacted with -OH on the surface of waste ceramic particles
for dehydration; therefore, the ceramic waste particles can be chemically grafted and
bonded with KH-570. Thus, the modification of the silane coupling agent improves the
bonding strength between inorganic particles and resin, which is helpful for improving the
mechanical strength of the artificial stone.

3.3. Effect of Ceramic Waste Addition on Mechanical Properties of Artificial Stones

Figure 5a shows the bending strength of resin-based artificial stone samples prepared
by partially replacing quartz particles with fine ceramic waste powders (Group A) and
ceramic waste particle material (Group B). The bending strength of Group A artificial
stone samples with 45-60% fine ceramic waste powders partially replacing quartz sand
is significantly higher than that of the Group B sample of ceramic waste particle material
and the sample prepared entirely with quartz sand as particle material (50.7 MPa). Among
them, the bending strength of the Group A sample with 45% ceramic waste powders is the
highest, reaching 64.4 MPa, which is far beyond the requirements of the industrial standard
of artificial stone building materials (JC/T908-2013) (no less than 35 MPa). The bending
strength of Group B samples with a different amount of waste ceramic particles is also
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improved to varying degrees compared with that of the samples prepared entirely with
quartz sand. The porosity and microstructure analysis shown in Figures 7b and 8 reveals
that this was due to the use of fine ceramic waste powders that replace the relatively large
quartz particles in the artificial stone. The fine ceramic waste particles can play a role in
filling the aggregate accumulation gap, which improves the aggregate accumulation density
of the sample. At the same time, the complex composition and appearance of ceramic waste
powders did not affect the interface bonding strength. The resin could completely wet the
aggregate, and the inorganic/organic interface bonded well, a possible reason that Group
A samples showed higher bending strength. The bending strength of Group A samples
was still high although slightly reduced. There was no obvious phenomenon of lacking
glue at the interface as the consumption of fine powders of ceramic waste was further
increased to 60%, though the specific surface area of aggregate was increased. Figure 5b
shows the compressive strength of corresponding samples with different compositions. The
compressive strength of artificial stone samples can be significantly improved by replacing
quartz sand with ceramic waste of different particle sizes. Among them, the maximum
compressive strength of Group A samples was 151.1 MPa when 55% of the waste ceramic
powders was added, and the maximum compressive strength of Group B samples was
158.7 MPa when 55% of the waste ceramic particles were added, which was much higher
than the artificial stone samples (120.0 MPa) prepared entirely with quartz sand. This may
be due to the fact that the shape of waste ceramic particles was more irregular than that of
quartz sand. After vacuum vibration molding, the irregular particles were intermingled,
which was helpful to improve the bonding strength of the green body. Compared to Group
A samples, Group B used relatively large waste ceramic particles, which was conducive to
improving the compression deformation resistance. The increased content of fine particles
in the aggregate of Group A, the increase in specific surface area, and the decrease in the
amount of resin bonded to the particles compared to Group B, also affected the bonding
strength of green body to a certain extent. Therefore, Group B artificial stone samples
prepared by replacing quartz sand with ceramic waste particles had higher compressive
strength. Figure 5 displays that for the samples of both Group A and Group B, when the
amount of ceramic waste further increases from 55% to 60%, the compressive strength
decreases significantly; this may be related to the decrease in particle packing density
caused by the increase in the content of irregular ceramic waste particles. The obtained
values of bending and compressive strengths for the two group samples are much higher
than those of most artificial stones fabricated from other industrial solid wastes, such as
marble slabs, granite, and chamotte residues [22,29,31,40]. For instance, the artificial stone
from marble waste only showed the bending strength and compressive strength of 26.6
and 100 MPa, respectively, fabricated by the similar method [31]. Nevertheless, better
performance with bending and compressive strengths of 73.5 and 170.9 MPa was also
reported for artificial stones based on SiO, waste crucible and quartz sand aggregates,
which was attributed to excellent interfacial bonding and very dense structure by carefully
optimizing the content of coupling agent and binder, the compaction process parameters,
and using finer waste particle aggregate (>200 mesh) [41].

These results show that the use of a high content of fine ceramic waste powders
(>120 mesh) to partially replace quartz particles of different particle sizes can significantly
improve both the bending and compressive strength of the artificial stone, which will
facilitate the non-differential treatment of ceramic waste. The partial replacement of the
corresponding quartz particles by ceramic waste particles of different particle sizes has
little effect on the bending strength, but can significantly improve the compressive strength
of the artificial stone. In conclusion, the use of high content ceramic waste instead of quartz
sand raw materials can not only effectively improve the utilization rate of solid waste and
reduce the amount of natural quartz raw materials, it can also improve the mechanical
strength of artificial stone and reduce production costs to a certain extent.
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Figure 4. FTIR spectra of ceramic waste before and after modification by using the silane coupling agent.
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Figure 5. (a) Bending strength and (b) compressive strength of artificial stones with different particle
content and particle size of ceramic wastes.

In addition to the compactness of the aggregate particles mentioned above, the proper-
ties of the resin itself as a binding agent and its degree of curing have an important influence
on the mechanical properties of the artificial stone. After mixing and pressing, the dissolved
resin diffused and filled in the pores between accumulated particles. It then cross-linked
and cured into a three-dimensional network structure (Figure 6a) by the action of the curing
agent (or initiator) and accelerator, and sufficient bonding strength was obtained between
the aggregate particles. In addition, as shown in Figure 6b, the resin binder penetrating into
the pores of solid particles can also form a large number of “glue hooks” which can provide
bonding force to the particles in addition to existing van der Waals forces and hydrogen
bonding, and can also improve the mechanical strength of artificial stone samples to a
certain extent. The mechanical strength of the artificial stone samples was also improved to
some extent. The results of the performance analysis shown in Figure 5 and Table 4 indicate
that the use of relatively inexpensive o-phenyl unsaturated resin as a binding agent was
fully capable of producing high-performance ceramic waste artificial stones, which can be
attributed to the good mechanical properties of the resin itself and the vacuum vibration
and compaction effect to achieve close accumulation of aggregate particles.
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Figure 6. Schematic diagrams of (a) resin crosslinking and curing and (b) the interlocking effect
between pores of packed particles and cured resin hooks.

Table 4. Moh’s hardness and wear resistance of artificial stone with different ceramic waste additions.

Mass Fraction (%) Moh’s Hardness Abrasion Resistance (mm?)

of Ceramic Waste Group A Group B Group A Group B
40 6.5 6.5 174 165
45 6.0 6.5 184 170
50 5.5 6.5 195 185
55 5.5 6.0 217 196
60 5.5 5.5 238 215

(Note: Artificial stone samples prepared with quartz sand completely had a Moh'’s hardness of 6.5 and a wear
volume of 156 mm?).

Table 4 shows the Moh'’s hardness values and wear resistance of the artificial stone
samples from Group A and Group B. It is seen that the Moh’s hardness value of Group A
samples prepared by using fine powders of ceramic waste reached above 6.0 only when
the addition of ceramic waste was 40% and 45%, while the hardness value of Group B
samples obtained by using a larger size of ceramic waste particles reached above 6.0 when
the addition of ceramic waste was 45% to 55%. Among these, the Moh’s hardness value of
Group B samples reached 6.5 when the amount of ceramic waste was <50%, which was the
same as that of samples prepared entirely by using quartz sand. The hardness of artificial
stone is not only related to the hardness of the resin after curing, it is also closely related
to the hardness of its aggregate. As the main phase in the ceramic waste was the silicate
glass phase, its hardness value was lower than the quartz crystal phase (>7). With the
increase in the amount of ceramic waste in the sample and the reduction of quartz grain
content, its hardness value slightly decreased, but was still higher than the artificial stone
industry standard requirements (Moh’s hardness > 5.0). The table also indicates that the
wear resistance of the ceramic waste-based artificial stone has a greater correlation with its
hardness, the change in the pattern of wear resistance of the samples is consistent with the
trend of their Moh'’s hardness, and the wear volume of all samples is considerable below
the upper limit (300 mm?) specified in the aforementioned standard, showing good wear
resistance. A comparison of the analysis results of samples from Group A and Group B
revealed that the use of waste ceramic particle aggregate with larger particle size is helpful
for improving the Moh’s hardness and wear resistance of artificial stones.

3.4. Effect of Ceramic Waste Addition on Porosity and Water Absorption of Artificial Stones

The water absorption and porosity of resin-based artificial stones are important indi-
cators of its stain resistance. Therefore, they are often used to characterize the superiority
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or inferiority of the stain resistance of artificial stones. Figure 7 shows the water absorption
and porosity curves of two groups of samples in relation to the amount of ceramic waste
added. The water absorption rate and porosity of Group A and Group B samples with
40-55% ceramic waste additions were lower than those of artificial stone samples prepared
entirely with quartz sand aggregate, and the water absorption of ceramic waste-based
artificial stone samples increased significantly when the addition amount was increased to
60%. This still meets the aforementioned industry standard requirements (water absorption
<0.2%). Figure 7a depicts that as the addition of ceramic waste fines increases from 40%
to 55%, the water absorption of Group A samples remains very low (only approximately
0.05%) and the corresponding porosity is maintained at approximately 0.12% (Figure 7b),
indicating that the ceramic waste particles are tightly bonded to the resin and the artificial
stones obtained have high density. The water absorption and porosity of Group B samples
prepared with different grades of ceramic waste particles are slightly higher than those
of Group A samples prepared with fine ceramic waste powders at 45-55% of ceramic
waste addition. Despite this, the obtained water absorption and porosity are still much
lower than those of artificial stones made from other mineral wastes [22,31]. As the water
absorption of dense ceramic particles and quartz grains sintered at high temperature is
almost negligible, the water absorption and porosity of the artificial stone materials mainly
depend on the packing density of aggregate particles and their interfacial bonding with
resin after molding and curing. Therefore, the shape and gradation of aggregate particles
and resin content are decisive factors affecting the water absorption and porosity of artificial
stone. Using an appropriate amount (40-55%) of fine ceramic waste material to replace the
coarser quartz particles can play a more effective role in filling the gap, thus ensuring that
the prepared artificial stones have very low water absorption and porosity. However, when
too high content of irregularly shaped waste particles is present (e.g., 60%), the fluidity of
the particles is affected during the compaction process, thus reducing the particle stacking
density. An increase in the specific surface area of fine particles makes the resin binding
agent content relatively insufficient, thus affecting the particle/resin interfacial bonding
tightness to a certain extent and causing a significant increase in the water absorption and
porosity of the samples.
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Figure 7. (a) Water absorption rate and (b) porosity of artificial stones with different ceramic waste additions.

These results show that the resin-based artificial stones prepared by replacing quartz
sand with ceramic waste exhibit better stain resistance. After the aggregate was wrapped
and cured by the resin, the artificial stone possesses good impermeability and effectively
reduced internal porosity. Therefore, the artificial stone has good stain resistance and
strengthened internal structure. Compared with natural stones, the artificial stones pre-
pared in this work do not easily erode and are not polluted by various liquids, dirt, etc.

3.5. Microscopic Morphological Analysis of Artificial Stones

Figure 8 shows the cross-sectional SEM photographs of the samples from Group A
and Group B with 45% addition of ceramic waste. It is seen that the ceramic waste artificial
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stones prepared by using o-phenyl unsaturated resin as the curing binding agent have a very
dense microstructure in general. In Figure 8a, it is found that the fine particles of ceramic
waste fully filled space between larger-sized quartz particles, forming a highly dense
microstructure, and no obvious porosity is observed. This is consistent with the results of
porosity analysis shown in Figure 7b. Figure 8b shows the tight interfacial bonding between
the larger quartz particles and the smaller ceramic waste particle accumulations. The higher
magnification SEM photograph shown in Figure 8c further reveals that the fine particles of
ceramic waste distributed among the large quartz particles form a homogeneous and dense
accumulation structure by themselves. It is this ideal microstructure that gives the highest
bending strength to the A2 artificial stone samples prepared from the fine ceramic waste
powders. It is observed in Figure 8d that B2 samples prepared from ceramic waste particles
with relatively large particle sizes also have a relatively dense microstructure in general.
However, by comparing Figure 8b,c,e f, it is seen that the cross-section of B2 samples is
relatively rough, the homogeneity of the microstructures is reduced, and a small number
of small holes were generated between large irregular particles. Although high-strength
vacuum vibration compression molding was adopted, these small holes were difficult to
completely eliminate due to the irregular shape of large waste ceramic particles and the
low fluidity of resin, which cause its bending strength to be lower than A2 samples.

Figure 8. Cross-sectional SEM images of obtained (a—c) A3 and (d—f) B3 artificial stones with 45%
ceramic waste at different magnifications.

4. Conclusions

The artificial stone materials with high mechanical strength and excellent stain resis-
tance were successfully prepared in the laboratory by vacuum vibration molding and high
temperature curing of o-phenyl unsaturated resin using high doping ratio sintered ceramic
waste instead of natural quartz sand. Based on the present study, the following conclusions
can be drawn:

e  The ceramic waste used is composed of a high content of SiO; and Al,O3 in chemical
composition, as well as 65% silicate glass and other crystalline quartz and mullite
in phase composition. These basic characteristics of high-temperature sintered ce-
ramic waste endow the obtained aggregates with good mechanical properties and
high density.

e The composite aggregate particles composed of ceramic waste and quartz sand can
form a good interfacial bond with resin under the cross-linking effect of a coupling
agent, and the artificial stone shows a very dense microstructure.

e  The application of 40-60% ceramic waste instead of quartz sand can improve the
bending strength and compressive strength of artificial stones to varying degrees.
The highest bending strength of 64.4 MPa was achieved when 45% of ceramic waste
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powders (particle size > 120 mesh) were added; the highest compressive strength of
158.7 MPa was attained when 55% of different graded ceramic waste particles were
added; these values are 27% and 32% higher than when only quartz sand was used as
aggregate particles.

e  The dense artificial stones prepared by introducing ceramic waste exhibited very
low water absorption and porosity with excellent stain resistance, particularly when
40-55% of fine ceramic waste powders was introduced. The water absorption and
porosity were maintained at about 0.05% and 0.12%, respectively.

e  As the hardness of ceramic particles is lower than that of quartz grains, the surface
hardness and wear resistance of the prepared ceramic waste artificial stone are lower
than that of quartz sand artificial stone, but they can still meet the requirements of
the product standards of the artificial stone industry. Moreover, the use of ceramic
waste particles with larger particle sizes to replace quartz sand is more conducive to
improving the hardness and wear resistance than fine particles.

In conclusion, adding a high content of sintered ceramic waste instead of quartz sand
to prepare artificial stone materials can not only improve the mechanical properties and
pollution resistance of artificial stone but also realize the massive utilization of ceramic
waste and save natural mineral raw materials; this is crucial for reducing solid waste
pollution and ensuring environmental protection. The prepared ceramic waste artificial
stones have broad application prospects in public building decoration and home decoration.
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