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Abstract

The emergence of additive manufacturing (AM) technology for ceramic clay materials has greatly impacted the tradi-
tional pottery manufacturing industry. However, there are still limitations in post-processing and structural design for
ceramic clay materials in the current field. To address these challenges, in this study, we first used orthogonal experi-
ments to investigate the impact of the heating rate during debinding, the final sintering point, and the insulation time
at the sintering point on the performance of the fabricated parts. It was further concluded that the optimal debinding
sintering strategy consisted of a debinding heating rate of 0.5 °C/min, a final sintering point of 1300 °C, and a sintering
point insulation time of 3 h. Under these conditions, the compressive strength of the specimens reached a maximum of
38.75+4.57 MPa. Herein, we accomplished the printing of two different structures based on liquid deposition molding
(LDM) technology. Through comparative analysis of the experimental results, the research solved the buckling phenom-
enon of flexural specimens and concluded that the octet structure exhibited superior performance. Additionally, we
successfully prepared various pottery specimens, further demonstrating this study’s application prospects.

Article Highlights

(1) The paper explores how to use 3D printing technology to create ceramic clay products with different shapes and
structures.

(2) The paper investigates the optimal conditions for debinding and sintering processes, which affect the quality and
performance of the products.

(3) The paper compares the mechanical properties and fracture mechanisms of two different internal structures, and
demonstrates various applications of ceramic clay 3D printing.
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1 Introduction

The first thing about the traditional method of making pottery is that one must be skillful, and the softness and
hardness of the ceramic clay must be well grasped; otherwise, cracks and other defects will appear in the firing of
the porcelain. The second is to pull the billet; one must have skillful technique. If the force is not uniform, it will be
effortless to pull the shape of bending and easy to break the billet from the bottom [1, 2]. The preparation of the
billet, the degree of green body drying and the preparation of the glaze should all be considered while pulling the
green body [3]. However, additive manufacturing (AM) of ceramic clay is a manufacturing method that combines
ceramic clay material with AM technology. It can significantly reduce the above-complicated process, without the
high handicraft requirements for blank pulling so that ordinary people can make the pottery they want [4, 5].

In recent years, ceramic clay AM has been fully developed through technological exploration and innovation
[6-8]. However, the ceramic clay has unique properties and process requirements, combining it with AM technology
is challenging [9, 10]. The earliest research into ceramic clay AM dates back to 2005 when Dr. Behrokh Khoshnevis
invented a technique called Contour Craftings, which focuses on creating smooth and accurate flat or free-form
surfaces by extruding the material using computer control. It is expected to be used to construct entire large build-
ings in one piece using various building materials such as ceramic clay, plaster and concrete [11]. However, it wasn't
until 2015, when Dutch design studio DUS Architects built a large-scale mobile printer called the "KamerMaker"
in Amsterdam, that ceramic clay AM began to attract wider attention. It can print a variety of sized ceramic forms,
marking the beginnings of ceramic clay AM [12]. In the following years, researchers have explored using different
ceramic clay raw materials, improved printer design and control systems, and optimizing printing parameters to
enhance print quality and efficiency [13-15]. In 2023, designer Simon Pavy, in collaboration with global design
agency Entreautre, used a special 3D printer designed by renowned Dutch artist Olivier Van Herpt that is special-
ized in ceramic clay printing and is capable of extruding ceramic clay layer by layer to form filaments. A 3D-printed
cooler has been successfully developed that promises to revolutionize cooling methods [16]. In addition, the raw
material chosen for this type of printing is inexpensive ceramic clay, which is significantly less expensive than metal,
and the printer does not require as high technical requirements as those for metal molding [17-19]. Metal or resin
molding requirements for preserving liquid raw materials or liquefaction are very high for the printer’s technical
requirements [20]. However, ceramic clay AM equipment for storing ceramic clay is simple, only stored in a rigid
plastic tube. This ceramic clay has plasticity, high-temperature resistance, environmental sustainability, rich tex-
ture, and other characteristics [20-22]. As the technology progresses continuously, ceramic clay AM applications
are gradually expanding.

Although ceramic clay AM technology has made good progress in pottery manufacturing industry [23, 24], there
are still some drawbacks and challenges to overcome: (1) Post-processing requirements: The current field of inquiry
into the ceramic clay debinding and sintering process lacks quantitative analysis and may significantly impact the
final product’s quality. (2) Structural design: The structural design of ceramic clay AM is also a challenge. Due to its
characteristics, some complex structures and details may be difficult to realize. Also, the design needs to consider
the limits of the material and its possible shrinkage and deformation during the printing process. As a result, to
explore the best post-treatment method, this research first used a three-factor, three-level orthogonal experiment
to examine the effects of the debinding heating rate, the final sintering point, and the sintering point insulation
time on the performance of fabricated parts. Besides, a thick glass slide as a carrier can greatly reduces the defor-
mation and warping caused by shrinkage during the drying process of ceramic clay. Then, under optimal process
parameters, two different structures were used for molding and manufacturing compression-resistant parts, and
the performance differences were analyzed based on digital image correlation (DIC) technology.
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Table 1 Properties of cerami

| ol Characteristic Proportion Moisture Viscosity Temperature Shrinkage Strength
clay materials content
Value 2.6 18 0.8 1200-1400 10-15 15-40
Unit g/cm? % Pas c % MPa

Table 2 LDM technical parameters

Software printing parameters

Nozzle size (mm) 0.8
Layer height (mm) 0.6
Wall thickness (mm) 0.8
Infill density (%) 40
Flow rate (%) 80
Infill speed (mm/s) 40
Wall speed (mm/s) 20
Retraction distance (mm) 0.625

Equipment printing parameters

Thrust extrusion ratio 0.7
Extrusion rate (%) 100
Extrusion capacity (%) 100

2 Materials and methods

In this research, we used MOORE 1 ceramic clay 3D PRINTER equipment and LOBO evacuated 20 KG bags of ceramic
clay consumables for the printing, both purchased from Aidijia Additive Digital Technology (Guangzhou) Co., Ltd.
ceramic clay is one of the richest and most traditional materials in the world. The main properties of the ceramic
clay material are shown in the Table 1. Its defining mechanical properties are its plasticity when wet and its ability to
harden when dry or fired. Ceramic clay has a wide range of water content, from the minimum water content at which
the ceramic clay is just wet enough to be molded (known as the plastic limit) to the maximum water content at which
the molded ceramic clay is just dry enough to retain its shape (also known as the liquid limit) [7]. The ceramic clay
composition consists mainly of ceramic clay minerals and water. The fine particles in ceramic clay minerals have a
negative charge that allows them to adsorb water molecules and form a gelatinous substance. When the ceramic clay
is subjected to external forces, the internal ions interconnect and adhere. The resulting wet-state adhesion imparts
cohesion to the ceramic clay, making it plastic [8].

2.1 LDM process manufacturing

Specific process manufacturing first uses computer-aided software to design the required model and convert it
into STL format imported into the printing equipment adapted software Ultimaker Cura for slicing. The selection of
parameters such as nozzle size, printing layer thickness, and filling density in the experiment was made after com-
paring printing tests of several groups of experiments, and the final preferred results are shown in Table 2. In the
experiment, the material needs to be pre-treated first. The obtained bagged ceramic clay consumables are mixed with
a small amount of water solution to improve the wettability of the material, which is mixed well and placed in the
cylinder by vacuuming in the ceramic clay refining machine (Jingdezhen City Longfu Ceramics Equipment Factory,
China) to avoid the presence of large bubbles that make the printing process intermittent. The subsequent structure
fabrication included selecting a gradient model, including octet and cubic forms, which were systematically stacked
layer by layer to generate the intended three-dimensional prototype. After printing, the prototypes were removed
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and placed in the laboratory at room temperature (25 °C) for 1 day (it should be noted that the flexural specimens
are best placed on thick slides to help avoid bottom warping of the prototypes during natural air drying). Finally,
the fabricated parts will be placed in the heat treatment furnace (SXL-1800C, Shanghai Jujing Precision Instrument
Manufacturing Co., Ltd.) for debinding and sintering to complete the specimen preparation; the process is shown
in Fig. 1. The composition of the original clay material was also tested for XRD characterization in the figure, which
further argues that its main components are quartzite, kaolinite, mullite and other minerals.

2.2 Characterization

An X-ray diffractometer (XRD: Smart Lab, Rigaku, Japan) 26 was used at 6 kV from 10° to 80° with a scanning rate of 2°/
min to analyze the main components of the ceramic clay materials. Thermogravimetric (TG), derivative thermogravimet-
ric (DTG) and differential scanning calorimetry (DSC) analysis were performed using an STA 2500 instrument (Netzsch,
Germany) in the air at a heating rate of 10 °C/min (from 30 to 1500 °C), followed by determinations of the rate of debind-
ing sintering and insulation time. Flexural and compression tests were performed on a computer-controlled electronic
universal testing machine (LD23.104, LS|, China)according to ASTM C1424-15 and ASTM C1161-18.VIC-2D 6-2D analysis
software and VIC-3D 9-3D analysis software were used for data integration during the DIC testing process, equipped
with VIC-Snap-8, VIC-Snap-9 acquisition software, and the camera model of the final captured image was Grasshopper
3 GS3-U3-91S6M.

2.3 Experimental design of Taguchi’s method

Previous research has shown that three factors in the post-treatment process, namely, the debinding heating rate, the
final sintering point, and the sintering point insulation time, have a significant effect on the properties of the fabricated
parts, such as microstructure, dimensional shrinkage, relative density, and flexural strength [25, 26]. The orthogonal
experiments conducted by the Taguchi method were used to comprehensively analyze these three factors to determine
the degree of their influence and optimize the post-processing conditions. So that the optimal debinding and sintering
parameters could be selected by comparing the differences in the final properties of the specimens. Moreover, orthogonal
experimental design is an efficient, accurate, statistically reliable, economical and practical multi-factor experimental
design method. It can help researchers systematically explore the influence of multiple factors on the results, optimize
the experimental scheme, and improve the research efficiency and credibility of the results [27-29]. It has been widely
used in optimizing material configurations and process parameters. The three factors selected in this research are listed
in Table 3, and for ease of reference, the influencing factors, data variables, and experimental numbers are abbreviated
as F,V, and N. The design of orthogonal experiments is listed in Table 4.
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Fig. 1 Molding and printing process of ceramic clay material
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Table 3 Influencing factors,
numerical variables, and

corresponding values of heat Vi V2 V3
treatment orthogonal tests

Factors Variable

F1 Debinding heating rate (°C/min) 0.5 15 25
F2 Sintering endpoint (°C) 1200 1300 1400
F3 Endpoint insulation time (h) 1 3 5
Table 4 ,L9 (3 arrays Number Factors
performing orthogonal
experiments F1 (°C/min) F2 (°Q) F3 (h)
N1 0.5 1200 1
N2 0.5 1300 3
N3 0.5 1400 5
N4 1.5 1200 3
N5 1.5 1300 5
N6 1.5 1400 1
N7 2.5 1200 5
N8 2.5 1300 1
N9 25 1400 3

3 Results and discussions
3.1 Heat treatment process analysis

Debinding sintering is a standard post-treatment process for manufacturing and processing ceramic clay materials.
It can be controlled by the sintering temperature and time to make the organic material in the ceramic clay burn
out; the organic content in the ceramic clay will be significantly reduced, effectively changing the chemical composi-
tion of the ceramic clay. This is very important for some need to adjust the composition of the specific ceramic clay
materials. Therefore, adequate material testing and process optimization are required before using the debinding
sintering process to ensure that the desired results are achieved.

3.1.1 Analysis of the degreasing and sintering process

The results of the TG test are shown in Fig. 2a. In order to better analyze the thermal stability and thermal decomposi-
tion mechanism of the samples, we plotted the DTG curves. From the figure, it can be seen that when the test tem-
perature was increased from room temperature to 200 °C, part of the specimens’ mass was lost, mainly due to the loss
of the unvolatilized aqueous solution during the conservation period [30-33]. Since 200 °C, the exothermic rate began
to become larger, indicating that a small amount of organic substances (organic gelling agents, plasticizers, etc.) in
the ceramic clay started to undergo thermal decomposition, releasing gases and leaving solid residues. This resulted
in a slight mass loss, but the quality of the ceramic clay remained basically stable. Based on the DTG curve, it can be
seen that a significant mass change occurs in the process from 40 to 800 “C, which is mainly due to the accumulation
of carbon and organic matter under high temperature conditions and the reaction of oxygen into carbon dioxide and
other gases volatilized, resulting in the loss of mass. Besides, some amorphous compounds in the ceramic clay will
also be transformed into crystal structures, further aggravating the quality loss. From 800 to 1500 °C, the quality of
the specimens did not decrease but increased. On the one hand, it shows that the organic matter in the specimens
is almost completely removed after 800 °C; on the other hand, it is mainly due to the reaction of silica, alumina, iron
oxide, and other compounds with oxygen that makes the quality increase, so the debinding temperature is set at
800 °C. In addition, the process of exothermic reaction continued to appear in the small band of peaks, mainly in the
specimen of some inorganic materials that also gradually occurred in the crystal phase change (including quartz,
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Fig.2 aTG-DSC curve. Debinding sintering curve of b N1-N3, ¢ N4-N6, d N7-N9

feldspar, mica, and other minerals crystallization); these inorganic materials at high temperatures will rearrange and
aggregation lead to the disintegration of the original crystalline structure, the formation of ceramic clay materials
of dense structure. Since the beginning of 1200 °C, the end of the thermal liberation of organic matter heat, grains
began to form. The exothermic effect is dramatically transformed to the heat-absorbing effect, and the transformation
of the crystalline phase is basically completed at 1300 °C. Some components of the ceramic clay (such as silicates,
carbonates, etc.) will melt into a liquid at this stage, which combines with other unmelted particles to form a viscous
molten mixed object that aids in the bonding of the ceramic clay particles to each other. The presence of the liquid
phase can fill the voids between the ceramic clay particles, increasing the contact area between the particles and
thus increasing the bonding strength between the particles. Besides, it can make the ceramic composition uniformly
distributed, avoiding the weaknesses and defects caused by the inhomogeneity of the composition, thus improving
the strength of the ceramics. After 1300 °C, the curve tends to increase in a straight line and no longer fluctuates,
mainly heat-absorbing reactions. It is deduced that the cause of its production is the formation of a significant num-
ber of liquid phases in the mud and the growth of the grains. Although the ceramic clay material will experience
varying degrees of volume contraction during the debinding and sintering processes, the final mass and the initial
mass change are less than 5%. This means that the post-treatment of ceramic clay specimens after the densification
of a significant increase relative to other materials greatly enhances its mechanical properties.

The results of TG and DSC have analyzed the various changes that may occur during the post-treatment process of
ceramic clay green body; however, the parameter settings for the actual debinding and sintering curves are still insuf-
ficient. To obtain the best-sintered parts, this research is based on the above analysis results; for the debinding process
of the heating rate, the final sintering point and the final holding time for a comprehensive analysis, F1 was set to 0.5,
1.5,2.5 °C/min, F2 was set to 1200, 1300, 1400 °C, and F3 was set to 1, 3, 5 h. Then screened out the optimal debinding
sintering conditions through orthogonal experiments for comparison. The optimal debinding sintering conditions, the
specific process, is shown in Fig. 2b-d (cooling process rate is 2 °C/min, no longer displayed).

3.1.2 Comparative analysis of compressive strength of sintered parts under different conditions
Compressive strength is one of the most important indicators of the mechanical properties of ceramic clay materials,
which is of great value for product quality, structural stability, processing performance and application areas. In this

research, we first designed cylindrical specimens with a diameter of 15 mm and a height of 20 mm, printed a cumula-
tive total of 50 specimens (with no less than three in each group) and post-treated the specimens according to different

@ Discover



Discover Applied Sciences (2024) 6:106 | https://doi.org/10.1007/542452-024-05753-0 Research

Fig.3 Compressive strength
property analysis
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Table 5 Analysis of each Factors V1 V2 V3 Range
factor’s range and degree of
influence on the compressive 4 29.40 28.18 21.86 754
strength of fabricated parts
F2 29.88 24.98 24.57 5.31
F3 25.75 32.57 21.11 11.46

debinding and sintering conditions. Then, the specimens were subjected to compressive tests in batches to compare
the performance differences for optimizing post-treatment conditions. The specific experimental results are as follows:
the optimum performance was achieved at a debinding heating rate of 0.5 °C/min, a sintering point of 1300 °C, and a
insulation time of 3 h, reaching 38.75+4.57 MPa, as shown in Fig. 3.

Based on the compressive strength obtained for each condition a comprehensive analysis was carried out to investi-
gate the degree of influence of F1, F2 and F3 on the fabricated parts. Table 5 shows the degree of influence of the three
factors on the compressive strength of the sintered parts based on the analysis of extreme deviation of orthogonal tests.
Obviously, the holding time at the final point has a significant influence on the sintered parts. The length of the holding
time will directly affect the sintering degree of ceramic clay material and the degree of perfection of grain growth. To
obtain a uniform and dense structure and improve the compressive strength, the holding time needs to be determined
according to the specific ceramic clay material and the requirements of the fabricated parts. If the holding time is too
short, the sintering is incomplete, the grain growth is insufficient, and the minerals and organic substances in the ceramic
clay material may not react sufficiently and decompose. This will lead to the existence of voids and defects inside the
fabricated parts, and the compressive strength will be affected, which is similar to the heat preservation of 1 h in this
research. However, the holding time of 5 h may be too long, resulting in excessive sintering. This will make the grain
growth too large [34, 35], the grains in the ceramic clay material will be too large, and the internal structure of the fabri-
cated parts will become inhomogeneous, prone to cracks and deformation. It may make the final sintered parts brittle
to a certain extent. At the same time, too much liquid phase may be formed, resulting in excessive sintering contraction
of ceramics or even causing sintering failure, which reduces the compressive strength.

Therefore, to obtain the high compressive strength of fabricated parts, it is necessary to control the holding time at the
final sintering point of the ceramic ceramic clay material. So that it can complete the process of sintering and grain growth
within an appropriate time, thus obtaining a uniform and dense structure and improving the compressive strength.

Shrinkage has an important value for ceramic ceramic clay fabricated parts. ceramic clay shrinks during drying and
sintering, and shrinkage is a measure of the degree of deformation of the ceramic clay material, which has an essential
influence on the dimensional stability and quality control of fabricated parts. Shrinkage can be used to control the size
of manufactured parts [36, 37]. By knowing the shrinkage rate, researchers can take appropriate measures to prevent
these defects from occurring and improve the quality of manufactured parts. Therefore, the shrinkage of ceramic clay
materials must be considered and controlled in the design of material development and molding process to ensure
stable processing and quality fabricated parts.

Shrinkage value for ceramic clay fabricated parts is reflected in dimensional control, quality control and material stabil-
ity, and better performance and quality of fabricated parts can be obtained by controlling and optimizing shrinkage. In
this research, the comparative analysis of the shrinkage test was carried out for specimens under nine debinding sinter-
ing conditions, and the specific results are shown in Table 6. According to the previous studies, the shrinkage in Xand Y
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Table 6 Shrinkage in XY and Z

able 6 >hrink Shrinkage (%) N1 N2 N3 N4 N5 N6 N7 N8 N9
directions in nine sets of tests
N1-N9 XY 1407 1547 1153 1460 1300 1360 1353 1367 1227
z 16.78 2011 1400 1883 1861 1683 1828 1961  15.72

directions are similar and the shrinkage in Z direction will be greater than the shrinkage in XY direction [38-40], which
is consistent with this research. This research concludes that the final sintering point has the greatest influence on the
shrinkage of fabricated parts. The specific results are shown in Fig. 4. This is because the sintering temperature directly
affects the structure and physical properties of the ceramic clay, which produces different results for the sintering process,
structure formation, crystal phase transformation and grain growth. Higher sintering temperatures induce the particles in
the ceramic clay to bond more tightly and form a more stable structure, which leads to significant shrinkage. Conversely,
lower sintering temperatures may result in less stable structures and less shrinkage. Therefore, choosing the appropri-
ate sintering temperature can achieve a balance between the structure, densification, crystal phase transition and grain
growth of the ceramic clay, and also control the products’shrinkage to ensure the products’ quality and performance.

3.2 Influence of structural differences on the performance of fabricated parts

The internal structure of the ceramic clay fabricating parts has an important impact on its performance. Through the
optimization of the structural design, you can control the distribution and size of pores in the printed ceramic clay speci-
mens and a variety of different sizes and shapes of pores, which have a direct impact on the material’s water absorption,
permeability, sintering properties and mechanical properties, etc. So as to improve the densification of the fabricated
parts and increase the Strength and wear resistance [41]. Besides, the use of hollow structures or skeleton structures
in the structural design can reduce the weight of the fabricated parts and improve the strength and stiffness of the
fabricated parts. For example, in the design of ceramic filters, reasonable structural design can be used to increase the
filtration efficiency and fluid flux [42, 43]. It is important to note that the effects of these internal structures are inter-
related, and the properties of ceramic clay materials can be improved and adjusted by adjusting and controlling the
internal structures. Therefore, understanding and optimizing internal structures are very important in developing and
preparing ceramic clay materials.

3.2.1 Analysis and solution of the warping phenomenon of ceramic clay material bending specimens

When printing ceramic clay, the existence of specimen warping phenomenon will lead to product shape irregularity,
affecting the appearance of the product aesthetics. This will lead to a decline in the stability of the product in the use of
the process, especially for the need for stacking or assembly of the product; the warping will affect the product’s connect-
ing and fixing effect. Moreover, if the ceramic clay specimen warps seriously, the size and shape of the product deviate
from the design requirements, resulting in poor processing accuracy, thus affecting the assembly and use of the product.
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In this research, a more obvious warping phenomenon occurred when the drying and conservation treatment of
both structures was carried out. In order to reduce the warping problem of the ceramic clay prints, the experiment was
carried out using an octet gradient structure for comparative analysis under four conditions with the same conserva-
tion time. Two kinds of carriers were used on the carrier substrate: Fluorinated ethylene propylene (FEP) release film and
7105 thick glass slide, and the attachment type of the printing platform on the process was set to none (no platform
attachment type) and raft (full to the edge), and the experimental results are shown in Fig. 5. The first case carrier is a FEP
release film without any type of platform connection, and after 12 h of natural drying, an evident unrecoverable warp-
ing phenomenon emerged, as illustrated in Fig. 5a. The warping issue was somewhat reduced in the second instance by
using the same FEP release film and switching the platform attachment type to full to the edge, as illustrated in Fig. 5b.
In the third case, when the FEP release film was replaced with a thick slide and no platform attachment type, it can be
seen that there is basically no obvious warping phenomenon, as shown in Fig. 5c. In the fourth case, using thick slides
and full-to-edge platform attachment type, on the contrary, there is a slight warping phenomenon in the place where
the specimen meets the edge, as shown in Fig. 5d.

Comprehensive analysis of the above phenomenon, the use of FEP release film, ceramic clay specimens in the dry-
ing process will produce upward capillary force. This is because the moisture in the ceramic clay specimen gradually
evaporates during the drying process, resulting in air infiltration into the inside of the ceramic clay specimen, forming a
negative pressure. According to the principle of capillary phenomenon, the negative pressure causes the moisture inside
the ceramic clay specimen to move upward, generating an upward capillary force [4, 44]. This upward capillary force
helps to promote the rapid evaporation of water inside the ceramic clay specimen and accelerates the drying speed.
However, due to the thinness of the FEP release film, the downward adsorption force on the specimen is not enough to
counteract the upward capillary force of the ceramic clay drying, resulting in the release of the film, which leads to notice-
able warping. When the platform attachment type full to the edge was added, the presence of the attached ceramic clay
material would increase its gravity during the warping process at both ends of the specimen, further counteracting part
of the upward capillary force and allowing the warping phenomenon to be alleviated. When the carrier is made of thick
slides, a strong adsorption force is generated between the specimen and the slides, which is greater than or equal to the
upward capillary force during the ceramic clay drying process, avoiding the warping phenomenon. After the addition of
the platform attachment type, the slide also generated a strong adhesion to the ceramic clay around the specimen. The
specimen was subjected to upward capillary force different from that generated by the surrounding attached ceramic
clay, which resulted in the interface between the specimen and the surrounding attached ceramic clay became unusually
fragile. At a certain limit time, sudden tensile breakage occurs, and the instantaneous upward capillary force exceeds the
downward adsorption force of the slide, resulting in a slight warping phenomenon at both ends of the specimen. Based
on the above analysis, thick slides were chosen as the carrier, and the platform attachment type of none was sufficient. In
addition, this research also tested the extreme case, choosing the optimal conditions based on another slide on the top
of the specimen to reduce the possible warping phenomenon further. However, the experimental results showed that
this solution greatly reduced the drying rate of the ceramic clay specimens, and even after removing the top slide after

Fig.5 Warping of ceramic
clay flexural specimens under
different conditions (a) | FEP release film + None

(b) FEP release film + Raft

(¢) | Thick glass slide + None

(d) | Thick glass slide + Raft

(e) C3 + Thick glass slide
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12 h of drying, it was still not completely dried. Partdried of the ceramic clay became stuck to the top slide, compromis-
ing the integrity of the original speciments, as illustrated in Fig. 5e.

Through the comprehensive consideration of the above factors, in order to effectively reduce the pottery ceramic
clay prints appear warping problem, and get a better printing effect, it is best to choose the thick system slides as the
carrier, the platform attachment type selection of none. (However, it must be noted that, if you want to carry out some
large-scale planar model or solid model printing, you still need to choose FEP release film or similar cling film as a carrier.
Otherwise, it may be due to the uneven adsorption and capillary force between the slide and the specimen at different
locations, resulting in different degrees of cracking in the articulated part of the specimen, which ultimately makes the
model damaged).

3.2.2 Comparative analysis of flexural and compressive properties of two structures

Based on the above optimal conditions of the debinding sintering process and solving the warping phenomenon of the
flexural specimens, the printing of the two structures was then carried out. The dimensions of the flexural specimen were
60 mm * 12 mm * 6 mm in length, width and height, and the dimensions of the compressive specimen were 18 mm cubes
[45]. The compressive and flexural tests performed on the ceramic clay specimens evaluated the mechanical properties
of the two internal structures to determine their load-bearing capacity and durability in real-world applications. These
tests can help determine the ceramic clay specimens’ strength, stiffness, and deformation capacity so that appropriate
materials and structures can be selected for the design and manufacture of ceramic products. Through these tests, the
performance of ceramic clay specimens when subjected to pressure and bending forces can be evaluated to ensure the
quality and reliability of the product, and ultimately the performance differences between the two structures can be
further comparatively analyzed. This research concludes from the experimental comparisons that the octet’s internal
gradient structure will outperform the cubic’s internal gradient structure in terms of both compressive (in both directions)
and flexural strengths. It ultimately achieves compressive strengths of 23.25+2.10 MPa and 9.25 + 0.44 MPa in both direc-
tions and flexural strength of 13.94 + 1.32 MPa. While the cubic structure gains compressive strengths of 14.90+2.41 MPa
and 8.90+ 1.44 MPa in both directions and flexural strength of 12.74 + 0.84 MPa, the specific results are shown in Fig. 6.

3.2.3 Fracture mechanism analysis of two structures

When ceramic clay specimens fracture during compressive testing, analysis of the fracture mechanism can help deter-
mine the root cause of the problem, which is important for failure analysis and problem-solving. The study can identify
the factors that led to the fracture, such as the material composition ratio, preparation process or sintering temperature,
which in turn can guide the optimization of the production process to improve the compressive properties and stability
of the material. Digital Image Correlation (DIC) technology is a non-contact measurement technique that enables the
analysis of images to obtain measurements without the need for physical contact with the surface of the material. In
addition, it provides highly accurate displacement and deformation measurements, which is important for studies that
require accurate measurement of small deformation or fine structure of ceramic clay materials [46, 47].
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In this research, a qualitative analysis of the fracture mechanism and the stress analysis of the two ceramic clay
structures is needed to investigate the key areas where the two ultimately show differences in compressive strength.
The first step is to use DIC to help research the damage behavior of the ceramic clay materials. Observing the images
before and after the damage can analyze the damage pattern and mechanism. Then the mechanical properties and
deformation behavior of the material can be studied. As seen in Fig. 7, from the beginning of the crack appearance
to the crack propagation before final breakage, it is evident that the fracture mechanism of both structures in both
directions is compression brittle fracture triggered by crack extension. Also, as shown by the proof documents Video
S$1-54, shear damage and compression damage occur throughout the whole compression process. However, the
difference is that the octagonal structure in the fracture process first appeared as a crack, and then, along with the
continuous addition of stress, will be subjected to stress dispersion and then gradually appeared more than one
obvious crack, began to occur fracture. The damage of the octet structure along the internal structure articulation
site is prone to produce stress concentration in the place where the regular fracture of the large section occurs, as
shown in Fig. 7a, c.

On the other hand, the instability of the internal structure during the application of force is what causes the fracture of
the cubic structure in both directions, leading to the abrupt emergence of many fractures. The ultimate fracture is similar
to the crushed, as illustrated in Fig. 7b, d. As a result of the cracks’ growth during the cross-union process, which caused
the interior structure collapses due to secondary stress concentration. In summary, although the same fracture is caused
by crack extension, the process of crack emergence in the octet is much more regular, and the pre-cracks basically do
not cross each other. However, the emergence of cracks in the cubic structure tends to be unorganized, and the cracks
tend to cross each other from the time they appear, which will exacerbate the degree of structural damage. Moreover,
after testing, the octet structure of the ceramic clay specimen is more stable than the cubic structure, so the octagonal
structure has better performance in both front and side. In addition, whether it is an octet or cubic structure, the cor-
responding forward compression performance is significantly better than its lateral compression. On the one hand, the
reason comes from the specimen in the manufacturing process and degreasing and sintering process in the Z direction
of the interlayer bonding better tight, which will make in the compression test process in the forward compression per-
formance is significantly better than the side of the compression performance. On the other hand, due to the XY direc-
tion and the Z direction, the contraction rate is different, which means that the compression of its ability to withstand
the force of the area is smaller. This can further exacerbate the generation of lateral compression process of rupture.

3.3 Demonstration of fabricated parts

The effective preparation of numerous specimen parts without the need for support was achieved by the use of
the LDM printing technique, as seen in Fig. 8a shows the various parts of the Lupin lock and can be articulated after
debinding and sintering. Figure 8b, c shows the model fabrication of two different types of vases, and Fig. 8d, e shows
a two-dimensional flat model of a teacup coaster as well as the tip portion of a spatula, respectively. Overall, ceramic
clay molding has been gradually replacing traditional pottery manufacturing, making it easier to make pottery and
also helping to promote quality and innovation in artwork.

Fig.7 Fracture of two (@)  Octet (Front) (b) Cubic (Front) (¢) Octet (Side)  (d) Cubic (Side)
structures in two directions. a :
Octet (Front). b Cubic (Front).
¢ Octet (Side). d Cubic (Side) Cracks
appear
Crack
extension
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4 Conclusions

This study involved the utilization of LDM technology to mold ceramic clay materials. Subsequently, three pertinent fac-
tors affecting the post-processing of ceramic clay materials were thoroughly examined by analyzing TG data in conjunc-
tion with the results of an orthogonal test performance. The aim was to ascertain the extent of influence exerted by each
factor and establish suitable parameters for the debinding and sintering processes. Further, two different structures were
selected for molding and manufacturing; the analysis process solved the phenomenon of bending specimens that are
prone to warping. Then the structure was preferred by the compressive strength test results, and then the DIC test was
used to analyze the fracture mechanism of the different structures. Finally, this research was also successful in printing
a variety of models. The following are the conclusions of this research:

(1) The compressive strength results of the orthogonal tests of the ceramic ceramic clay specimens in the research
showed that the best performance was achieved when the debinding temperature increase rate was 0.5 °C/min,
the final sintering point was 1300 °C, and the insulation at the sintering point was 3 h. The compressive strength
reached 38.75+4.57 MPa

(2) Based on the extreme difference analysis method of the orthogonal test, it is concluded that in the post-treatment
process, the holding time at the sintering point has a significant influence on the mechanical properties of the
fabricated parts. In contrast, the sintering point has the greatest impact on the shrinkage rate of the manufactured
printed parts.

(3) Intheresearch, a thick glass plate was used as a carrier to better solve the phenomenon of easy warping of flexural
specimens, and the causes of distortion were analyzed by comparing the adsorption force generated by the sub-
strate with the capillary force generated by the volatilization of the specimen material.

(4) According to the mechanical property test results of the two different structures, the performance of the octet struc-
ture is remarkable, and its flexural strength and compressive strength (in both directions) reach 13.94+1.32 MPa
and 23.25+ 2.1 MPa (front), 9.25 + 0.44 MPa (side), respectively.

(5) The fracture mechanisms of the two structures were qualitatively analyzed based on DIC tests, and compression
damage, shear damage, and compression crushing occurred. However, due to the structural instability of the cubic
structure in the process of compression, stress concentration is prone to occur, resulting in the premature emergence
of crack extension cross and structural failure.

(6) Finally, this research successfully printed models of combinable Lupin lock sub-parts, three-dimensional vases, and
two-dimensional planar specimens, verifying this printing technology’s feasibility in various fields.
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