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chanism of nano-alumina content
in semi-solid ceramic precursor fluid on the
forming performance via a light-cured 3D printing
method

Kepeng Yang, Sanqiang Xu and Bailu Li*

The use of three-dimensional (3D) printing technology to form ceramic materials can greatly reduce the

technical difficulty and cost of preparing special-shaped ceramic parts. In this work, the formation of the

3D structure of ceramic products was achieved through light-curing 3D printing technology. The semi-

solid ceramic precursor fluid prepared from nano alumina particles (Al2O3), photocurable polyurethane

acrylate (PUA) and isobornyl methacrylate (IBOMA) resin was used to realize ceramic fluid with self-made

light-curing 3D printing equipment. The solidification and forming of the ceramic material was achieved

through secondary high temperature sintering. In order to reveal the influence mechanism of nano-

alumina content in a ceramic slurry on the forming process and performance of light-curing 3D printing,

the composition, micro morphology and mechanical properties of 3D printing ceramic samples under

different preparation conditions were investigated. The research results show that the relationship of the

ratio of alumina to the forming performance was not a monotonic function in the mathematical sense.

When the mass ratio of the resin system and alumina was 1 : 2.50, the performance of the formed

sample was the best. At this time, the Vickers strength of the sintered ceramic part was 79 GPa, the

bending strength was 340 MPa, and the fracture toughness was 2.90 MPa m�2. This work laid

a theoretical and practical foundation for the realization of high-quality, low-cost, and rapid ceramic

manufacturing technology in the future.
1 Introduction

As a wide variety of engineering materials with extremely wide
applications, ceramics have the characteristics of high
temperature resistance, high strength, excellent wear resistance
and strong acid corrosion resistance.1 Traditional ceramic
materials are generally oxides or carbides with extremely high
hardness and melting point, such as ZrO2, Al2O3, and SiC. Due
to the special physical and chemical properties of these mate-
rials, their processing is difficult, and the sintered ceramics are
difficult to process. With the continuous expansion of the
application of ceramic materials, traditional ceramic forming
methods including casting, extrusion, and isostatic pressing
have been unable to meet the requirements of ne structure
manufacturing and high-precision forming, which restricts the
application and expansion of high-performance ceramics.2–4

From 1930s to 1960s, the injection molding and the tape
casting method came out and was mostly used for insulators in
automobile spark plugs and formation of ceramic conductive
devices.5,6 Developed to the 1980s, based on the grouting
hina. E-mail: bailu.li@outlook.com; Tel:

f Chemistry 2020
method, pressure ltration and centrifugal casting method
were successfully developed.7,8 In the forming process of these
two methods, the strength and density of the ceramic body
depend on the action of the external force eld, and there is no
need to add any additives. However, the biggest disadvantage of
these two methods is that the ceramic ligands cannot be
completely uniform, so it is difficult to realize the production of
high-performance ceramics. Since then, the research on
ceramic forming methods is mainly dedicated to improving the
uniformity and reliability of the material body. Until the 1990s,
more and more new forming methods were gradually intro-
duced, including Quickset Injection Molding (QIM), Colloidal
Vibration Casting (CVC) and Temperature Induced Flocculation
(TIF) have been successfully developed.9 With the rapid
advancement of materials science today, the performance
requirements of ceramic materials in different elds are further
subdivided, and ceramic forming technology has also been
continuously improved. How to quickly and accurately prepare
ceramic devices with complex structures has become a research
hotspot.

In recent years, with the rapid development of additive
manufacturingmethods represented by 3D printing technology,
it has gradually been applied to many traditional
RSC Adv., 2020, 10, 41453–41461 | 41453
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manufacturing elds such as automobiles, medical and avia-
tion. Due to the obvious advantages of 3D printing, such as low
cost, simple design and high raw material utilization, it
provides a new idea for the formation of complex and rened
ceramic parts. Therefore, the combination of 3D printing and
ceramic forming is undoubtedly a very promising technology.10

Compared with metal and polymer materials, ceramic
materials have a slightly immature application in 3D
printing.11,12 The currently reported 3D printing technologies
that can be used for rapid prototyping of ceramics mainly
include the following:13–15 Selective Laser Melting (SLM),16 Fused
Deposition Modeling (FDM),17 3D printing forming technology
(3DP),18 Ink printing technology.19 However, these 3D printing
technologies face a series of technical problems such as scarcity
of materials, difficult deployment of material ratios, low effi-
ciency, complex post-processing, high cost and limited printing
accuracy.20,21

In order to overcome these problems, the combination of UV
curing 3D printing technology and ceramic sintering tech-
nology is effective method to realize the formation of ceramic
parts with higher strength, and achieve the purpose of reducing
costs, saving rawmaterials and shortening the production cycle.
To get 3D printed ceramics with this technology, rstly the
ceramic powder and photosensitive resin should be mixed
uniformly to obtain a printing paste with a higher solid content
and good uidity, and then the ultraviolet light is controlled to
scan layer by layer along the running track of the printing paste
to obtain solidied ceramic body. Aer secondary sintering, the
nal ceramic part is formed. Judging from the published liter-
ature, there are few reports on liquid 3D printing ceramics. Liu
Wei et al.22 used high-purity aluminum oxide as the ceramic
powder and PVP (polyvinylpyrrolidone) as the surfactant to
uniformly disperse the ceramic powder in the photosensitive
resin, and then used the photo-curing printing technology to
prepare the body. Aer high-temperature sintering, a dense
ceramic with a relative density of 99% or more without spalling
and surface defects can be obtained. Eckel et al.23 developed
a new type of photosensitive resin paste containing silicon
carbide materials, using light-curing printing technology to
produce large-scale parts in batches. Due to the high strength
and high temperature resistance of silicon carbide ceramics,
these parts can replace aircra engines and parts in sensors,
and have high application value in the aerospace eld. Obvi-
ously, their research results strongly conrmed the great
potential of light-curing 3D printing technology in the eld of
ceramic forming. From the perspective of research purposes
and methods, the above research focused on the analysis and
discussion of the selection and development of resin materials,
and to a certain extent solved the problem of the scarcity of
liquid ceramic materials, which is also one of the key technical
problems to be overcome in the formation of liquid ceramics.
However, there is still a lack of in-depth discussion on issues
such as semi-solid ceramic precursor uid blending rules, 3D
printing process parameter control mechanisms, post heat
treatment key processes and their coupling rules. In addition,
there are still many problems that need to be solved urgently in
the preparation of high-quality ceramics by light-curing 3D
41454 | RSC Adv., 2020, 10, 41453–41461
printing technology, such as the cost of making ceramics and
the large consumption of raw materials and energy, and the
poor stability of ceramic forming.24–26

In order to make up for the lack of research on the formu-
lation of semi-solid ceramic precursor uid mentioned above,
the inuence mechanism of the ceramic powder ller content
in the ceramic slurry on the forming process and performance
of the light-curing 3D printing was mainly discussed in this
work. The semi-solid ceramic precursor uid was prepared by
mixing aluminum oxide nanoparticles (Al2O3), photocurable
polyurethane acrylate (PUA) which has light curing function
and isobornyl methacrylate (IBOMA) resin which is a monomer
that can participate in the polymerization reaction. The solidi-
cation and shaping of the ceramic liquid was achieved by
using self-made light-curing 3D printing equipment. In order to
clarify the blending rule of semi-solid ceramic precursor uid,
we analyzed the properties of liquid ceramic materials in the
multi-component system and characterized the properties of
sintering ceramic parts, including the microstructure, micro-
morphology and mechanical properties. The development of
this research is expected to lay a theoretical and practical
foundation for the realization of high-quality, low-cost, and
rapid ceramic manufacturing technology in the future.

2 Experiment

The light-curable resin PUA was mixed with the monomer
IBOMA, aer which 4.5% photoinitiator 819 (molecular formula
C26H27O3P) was added, and the resin system was obtained by
mixing uniformly. Then, the nano alumina ceramic powder
ller was added to the resin system and mixed uniformly, and
the ceramic liquid was obtained by standing in a vacuum oven
for 20 hours. In order to explore reveals the semi-solid ceramic
precursor uid blending rule. First, through viscosity analysis
and ultraviolet light experiment, the resin system's viscosity and
curing degree evolution rule under different ratios of PUA and
IBOMA were discussed. Based on a large amount of experi-
mental experience in the early stage, three sets of experimental
parameters (PUA : IBOMA ¼ 1 : 1, 2 : 1, 3 : 1) were set. Aer
clarifying the optimal proportioning scheme of the resin
system, we further studied the effect of ceramic powder ller
(Al2O3) and resin system (PUA + IBOMA) ratios on formability,
physical and chemical properties of the samples through light-
curing 3D printing experiments and various modern instru-
mental analysis methods. To ensure the safety of the test
process, all tests were performed in a well-ventilated chemical
fume hood.

The laboratory based 3D printing device in the laboratory is
shown in Fig. 1, mainly containing a computer that controls the
3D printer, a rotating platform that can rotate 360� andmove up
and down, a cylinder for holding the ceramic liquid, light curing
reaction laser, pressure controller and an air pump to provide
pressure.

The experiment process can generally include the following
steps: (1) prepare the sample model to be printed and connect
to the 3D printer; (2) put the prepared ceramic liquid into the
barrel, and install the needle. In order to prevent the ceramic
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic diagram of 3D printing device: (1) rotating product table; (2) cylinder; (3) laser; (4) air pressure controller; (5) air pump.

Fig. 2 The viscosity and degree of curing of the resin system at
different ratios of PUA and IBOMA: (a) relationship between viscosity
and shear rate; (b) the degree of resin curing at different ratios.
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liquid from curing under light, wrap the barrel with light-proof
tape; (3) connect the air pump to the barrel, and turn on the
dispenser and controller at the same time to keep the air pump
pressure at 0.35 MPa, pressurized and extruded by the air pump
and irradiated by the laser, on the rotating platform The upper
solidication is formed into a ring-shaped solidied part; (4)
the ultraviolet light is controlled to follow the printing path to
achieve solidication while printing, and nally the required
sample is printed; (5) aer the printing is completed, use a tube
furnace in an air atmosphere sinter the ceramics at a heating
rate of 2 �Cmin�1, heat up to 1400 �C, and keep the temperature
for 4 hours to obtain ceramic parts.

In order to explore the optimal ratio of ceramic powder ller,
the composition, micro morphology and mechanical properties
of the nal formed sample were characterized by thermal
weight loss analysis (TG-DTA, STA449F3, Germany), scanning
electron microscopy analysis (SEM, SUPRA 55 sapphire type,
ZEISS company, Germany), Fourier infrared spectroscopy anal-
ysis (FT-IR, Nicolet, USA), X-ray photoelectric spectroscopy (XPS,
Thermo Scientic, USA) and a series of mechanical perfor-
mance tests (exural strength, Vickers hardness and fracture
toughness).
3 Results and discussion
3.1 The evolution law of viscosity and curing degree of resin
system

Due to the high initial viscosity of PUA, we added the high-
efficiency reactive diluting monomer IBOMA. No matter how
the ratio of PUA and IBOMA changed, the shear value corre-
sponding to the turning point of the viscosity value was around
5 s�1 (Fig. 2a), which was determined by the inherent properties
of the light-curable material (PUA). When the IBOMA content
was 50% (PUA : IBOMA ¼ 1 : 1) and 33.3% (PUA : IBOMA ¼
2 : 1), the initial viscosity was signicantly lower than when the
IBOMA content was 25% (PUA : IBOMA ¼ 3 : 1). The resin
system under the three ratios could be quickly reduced to
a minimum value of viscosity at a very low shear rate. But when
the active monomer content was 25%, the viscosity no longer
changed with the change of the shear rate, and the nal
viscosity was 0.6 Pa s, which was signicantly higher than the
nal viscosity of the previous two contents of 0.3 Pa s. Therefore,
This journal is © The Royal Society of Chemistry 2020
the addition of IBOMA signicantly reduced the viscosity of the
system.

From the surface state aer UV curing (Fig. 2b), when the
content of IBOMA was higher (PUA : IBOMA ¼ 1 : 1), the degree
of resin curing was lower and the adhesion performance was
extremely poor. When the IBOMA content was reduced
(PUA : IBOMA ¼ 2 : 1), the degree of resin curing and adhesion
properties were improved. Further reduce the IBOMA content
(PUA : IBOMA ¼ 3 : 1), the resin had a better curing degree, and
the resin could adhere well to the release paper.

In summary, the addition of IBOMA can reduce the viscosity
of the resin system, but a too low viscosity will also weaken the
degree of curing and adhesion of the resin, which is not
conducive to forming. Therefore, it is necessary to reasonably
control the amount of IBOMA added. In this work, we believe
that PUA : IBOMA ¼ 3 : 1 is an appropriate (not necessarily the
most accurate) parameter ratio.
3.2 The inuence of ceramic powder ratio on the
microstructure and composition of printed parts and sintered
parts

Based on the previous experiments, four sets of printing
experiments (PUA + IBOMA : ceramic ller ¼ 1 : 1, 1 : 2, 1 : 3,
1 : 4) were carried out. Through comparison, it was found that
when the ratio was 1 : 2, the printing process could be realized.
With the increase of ceramic powder content, when the ratio of
RSC Adv., 2020, 10, 41453–41461 | 41455
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Fig. 3 3D printed cured parts with different ratios of resin and alumina: (a) 1 : 2; (b) 1 : 2.25; (c) 1 : 2.5; (d) 1 : 2.75; (e) 1 : 3.
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resin to monomer to ller was 1 : 3, the desired shape could still
be printed well. Until the ratio of resin to monomer to ller
reached 1 : 4, the semi-solid ceramic precursor uid cannot be
extruded or even mixed evenly. Therefore, we set the ratio of
resin system and ceramic powder to 1 : 2.00, 1 : 2.25, 1 : 2.50,
1 : 2.75, 1 : 3.00, and then compare the structure and perfor-
mance aer printing to optimize the preparation process of
ceramic paste.

3.2.1 Microscopic morphology analysis of printed parts
and sintered parts. The surface of the sample formed by light-
curing printing was milky white (Fig. 3). As the content of
nano-alumina in the printing ceramic liquid increased, the
surface of the printed part became more and more rough. This
is because the viscosity of the ceramic liquid sharply changed
with the increasing content of nano-alumina. Therefore, the
resistance to extruding from the barrel during the printing
Fig. 4 SEM image of 3D printed cured parts with different ratios of resin

41456 | RSC Adv., 2020, 10, 41453–41461
process also increased, which caused the surface of the sample
to become rough.

The SEM picture of the sample (Fig. 4) shows that the
alumina particles were uniformly dispersed in the resin system
when the content of nano-alumina was relatively low. With the
increase of alumina content, agglomeration of larger particles
appeared in the resin system.

Further analyzing the surface morphology of the sintered
ceramic parts (Fig. 5), a large number of voids appeared in all
the ceramic parts, which was caused by the burning of the
organic resin material in the system during the sintering
process.

By using a density balance to measure the density of the
obtained sintered parts, it can be found that the density of the
ceramic parts gradually increases as the content of alumina in
the printing ceramic solution increases. As shown in Fig. 6, the
and alumina: (a) 1 : 2; (b) 1 : 2.25; (c) 1 : 2.5; (d) 1 : 2.75; (e) 1 : 3.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 SEM images of sintered parts with different ratios of resin and alumina: (a) 1 : 2; (b) 1 : 2.25; (c) 1 : 2.5; (d) 1 : 2.75; (e) 1 : 3.

Fig. 6 The density of ceramic parts varies with the composition of the
ceramic liquid.

Fig. 7 FTIR diagram of cured parts and ceramic parts.

Fig. 8 XPS diagram of cured parts and ceramic parts.
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density of the nally obtained sintered part gradually increased
from 2.761 to 3.062 g cm�3, but due to the existence of pores,
the density of the sample was all lower than the density of pure
alumina (3.5–3.9 g cm�3).

3.2.2 FTIR analysis of samples. It can be seen from Fig. 7
that there is no absorption peak between 1530 cm�1–1730 cm�1

in the infrared spectrum, indicating that there was no carbon–
carbon double bond C]C in the printed sample, so the degree
of light curing reaction was better. In the sintered part, the
absorption peak at 1735 cm�1 is a typical infrared characteristic
of ester groups, the absorption peak at 1540 cm�1 was caused by
deformation and vibration in the NH bond plane, and the
absorption peak at 1220 cm�1 is the characteristic peak of C–N
bond stretching vibration, which veries the presence of the
polyurethane resin in the printed part. The infrared spectrum of
the sintered part is smoother, and most of the infrared char-
acteristic peaks of organic groups disappear, indicating that
there was almost no residue of resin in the ceramic part.

3.2.3 XPS analysis of samples. From Fig. 8, the Al content in
the prints is low. This was due to the polymer's embedding of
nano-alumina, which resulted in only a small part of the
This journal is © The Royal Society of Chemistry 2020
alumina being detected. At the same time, the resin content in
the sample was relatively high, so more C, N, and O elements
were detected. Compared with printed parts, the contents of C
RSC Adv., 2020, 10, 41453–41461 | 41457
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Fig. 9 XPS spectrum of samples: (a) characteristic peak corresponding to Al 2p; (b) characteristic peak corresponding to C 1s.
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and N elements in the sintered parts were sharply reduced,
indicating that most of the resin phase was burned out during
the high-temperature sintering process. However, the content of
C element in the sintered part was still considerable, and the
amount of residual carbon element in this part was directly
proportional to the resin content in the ceramic liquid. Both the
printed and sintered parts show characteristic peaks of alumina
when the binding energy is 74.7 eV (Fig. 9a). The spectrum also
shows Na element, which might be caused by the introduction
of the magazine from the laboratory instrument and tools.

Compared with the printed parts, the alumina in the sin-
tered parts had higher purity and the characteristic peaks are
more obvious sharp. As shown in Fig. 9b, the C 1s of the printed
part has three apparent characteristic peaks, namely the ester
group at 288.4 eV, the C–N at 285.7 eV, and the C–C at 284.4 eV.
For sintered parts, C 1s only has a single broad peak at 281–
286.5 eV, which was caused by the burning of most of the resin
organic matter.

3.2.4 TGA analysis of samples. Fig. 10 shows the thermal
weight loss curve of printed parts under different conditions.
The weight loss of printed parts was about 5.00% below 300 �C.
This part of the weight loss was caused by the volatilization of
Fig. 10 Thermogravimetric analysis curve of the sample.

41458 | RSC Adv., 2020, 10, 41453–41461
volatile substances and water in the resin system. The main
weight loss interval of the cured parts was between 300–430 �C,
which was caused by the decomposition of the resin system at
high temperatures. Above 450 �C, the quality of all printed parts
tended to remain unchanged, because the organic matter had
been decomposed, leaving only high-temperature alumina
ceramics. The nal residual quality of the printed part was
consistent with the content of nano alumina added in the cor-
responding ceramic liquid, indicating that almost only alumina
was le in the nal sintered ceramic part. Combined with the
above element analysis, there were more carbon elements in the
sintered parts, but the quality of the sintered parts had not
increased accordingly. Therefore, that the results of the XPS
analysis showed that the residual carbon elements in the sin-
tered parts should only be concentrated on the surface of
ceramic parts.

3.2.5 The inuence of ceramic powder ratio on weight loss
rate. The weight loss rate of printed parts before and aer
ceramization under different conditions is shown in Table 1. As
the content of alumina ceramic powder increased, the weight
loss rate of the solidied part aer sintering decreased. This
part of the weight loss was caused by the volatilization of volatile
substances and moisture in the resin system. When the resin
system : alumina was 1 : 2.00, the average weight loss rate was
33.10%. As the resin system/alumina became 1 : 2.50, the
average weight loss rate was 28.60%. Continuously, changing
system : alumina to 1 : 3.00, the average hourly weight loss rate
decreased to 26.10%. The reason why the weight loss rate of
printed parts was between 26.00%–33.00% is that the resin
system decomposed at high temperature. Since the organic
Table 1 The weight loss rate of printed parts under different
conditions

(PUA +
IBOMA) : Al2O3 1 : 2.00 1 : 2.25 1 : 2.50 1 : 2.75 1 : 3.00

#1 0.323 0.322 0.285 0.247 0.263
#2 0.337 0.294 0.332 0.279 0.259
#3 0.334 0.318 0.287 0.269 0.281
AVG 0.331 0.312 0.286 0.265 0.261

This journal is © The Royal Society of Chemistry 2020
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matter had been decomposed, only high temperature resistant
alumina ceramics was le. The content of the resin system was
basically matched, indicating that almost only alumina was le
in the nal sintered ceramic parts, which is consistent with the
above TGA test results.
Fig. 12 The relationship between ceramic bending strength and Al2O3

addition.
3.3 The inuence of alumina ratio on the mechanical
properties of sintered parts

3.3.1 The inuence of alumina ratio on Vickers strength.
The relationship between ceramic Vickers hardness and
alumina addition is illustrated in Fig. 11. It can be seen from the
gure that with the increase of alumina addition, the hardness
of ceramics continued to increase. When the resin
system : Al2O3 ¼ 1 : 2.00, the hardness of the sintered ceramic
was 6.40 GPa. When the resin system : Al2O3 ¼ 1 : 3.00, the
hardness of the ceramic increased to 11.30 GPa. As the content
of Al2O3 particles in the resin system increased, the ceramics
sintered under the same conditions were denser and had
a higher density, and the ceramic particles had a stronger bond
with each other, so the ceramic Vickers hardness increased
accordingly.

3.3.2 The inuence of alumina ratio against bending
strength. The relationship between the exural strength of
ceramics and the amount of alumina added is illustrated in
Fig. 12, which shows that the exural strength of ceramics had
a signicant increase aer alumina particles were added to the
resin system. When the resin system : Al2O3 was 1 : 2.00, the
exural strength was 256 MPa. As the ller ratio increased,
when the ratio was 1 : 2.25, the exural strength of the ceramic
reached 318 MPa. Continue to increased the addition of Al2O3,
the exural strength of the ceramic continued to increases.
When the ratio was 1 : 2.50, the exural strength of the ceramic
reached the maximum value, and the exural strength at this
time was increased to 340 MPa. Aerwards, it decreased slightly
as the ller ratio increased: when the ratio was 1 : 2.75, the
bending strength was 330 MPa, and when the ratio was changed
to 1 : 3.00, the bending strength was reduced to 283 MPa. This
Fig. 11 The relationship between ceramic Vickers strength and Al2O3

addition.

This journal is © The Royal Society of Chemistry 2020
evolution law shows that the exural strength of ceramics did
not simply increase linearly with the addition of Al2O3, but
when the ratio of Al2O3 reached a certain value, the bending
strength would have a peak, indicating that the mechanical
properties of ceramic materials were affected by the combina-
tion of powder ller and resin system. The ratio of the resin
system near the peak of the exural strength to the ceramic
liquid of Al2O3 will be more suitable for the formation of
ceramic materials that require higher exural strength.

3.3.3 The inuence of alumina ratio on fracture toughness.
The relationship between ceramic fracture toughness and
alumina addition is shown in Fig. 13. The fracture toughness of
the ceramic parts rst increased and then decreased with the
increase of the ller. When the resin system : Al2O3 was 1 : 2.00,
the fracture toughness was 2.20 MPa m1/2. With the increase of
Al2O3 content (resin system : Al2O3 ¼ 1 : 2.25), the fracture
Fig. 13 The relationship between ceramic fracture toughness and
alumina addition.
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Fig. 14 The microscopic morphology of the fracture surface of ceramic parts under different proportions: (a) 1 : 2.00; (b) 1 : 2.25; (c) 1 : 2.50; (d)
1 : 2.75; (e) 1 : 3.00.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/2
/2

02
6 

8:
23

:2
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
toughness of ceramic parts reached 2.52 MPa m1/2. Continue to
increase the addition of Al2O3, the fracture toughness of
ceramic parts continued to improve. When the mixing ratio was
1 : 2.50, the fracture toughness of the ceramic reached the
maximum value (2.90 MPa m1/2). However, as the proportion of
ceramic ller increased, its fracture toughness decreased
slightly. When the mixing ratio was 1 : 2.75, the fracture
toughness was 2.70 MPa m1/2. Further increasing the ller ratio
to 1 : 3.00, the fracture toughness dropped to 2.40MPam1/2, but
this value was still higher than the fracture value when the
mixing ratio was 1 : 2.00. Unlike the Vickers hardness, the
exural strength and fracture toughness of ceramic parts did
not always increase with the increase of Al2O3 in the resin
system, but reached the highest value when the resin : Al2O3

was 1 : 2.50, and then slightly decreased. This is because
although the hardness of the sintered ceramic increased with
the addition of Al2O3, the strength of the matrix increased, but
at the same time the ceramic itself became more brittle,
resulting in the rst increase in exural strength and fracture
toughness and then decrease.

Fig. 14 shows the microscopic morphology of the fracture
surface of ceramic parts under different proportions. The frac-
tures of all ceramic parts showed typical intergranular fracture,
which further illustrated that the bonding between the crystal
grains was poor, thus limiting its mechanical properties. By
comparing the mechanical properties of hot-pressed sintered
ceramics, the mechanical properties of ceramic materials
prepared in this work were generally inferior to hot-pressed
sintered ceramics, which is also the current shortcoming of
ceramic materials prepared by 3D printing methods.
4 Conclusion

In order to study the blendingmechanism of semi-solid ceramic
precursor uid, the evolution of the viscosity and curing degree
of the resin system under different blending ratios of PUA and
IBOMA was discussed. Aer clarifying the optimal ratio of the
resin system, the effect of the ratio of ceramic powder ller
41460 | RSC Adv., 2020, 10, 41453–41461
(Al2O3) and resin system (PUA + IBOMA) on the formability and
physical and chemical properties of the sample was studied.
When PUA : IBOMA ¼ 3 : 1, the rheology of the ceramic liquid
resin system was better, and this conguration is more suitable
for printing and forming. The ratio of alumina to the forming
performance was not a monotonic function in the mathemat-
ical sense. When themass ratio of the resin system and alumina
was 1 : 2.50, the prepared ceramic material had relatively
balanced mechanical properties: the Vickers strength of the
sintered part was 79 GPa, the bending strength was 340 MPa,
and the fracture toughness was 2.90 MPa m1/2.

Although this study claried the precursor preparation
process control method in the light-curing 3D printing ceramic
technology to a certain extent, it still has the following defects:
(1) the mechanical properties of ceramic materials prepared in
this work were generally inferior to hot-pressed sintered
ceramics; (2) there are also some inuencing factors that are not
discussed in this article, such as the pH value of the ceramic
liquid, the content of the photoinitiator, the selection of the
monomer type and the particle size of alumina, etc. But we
rmly believe that this new type of 3D printing ceramic molding
technology greatly reduces the cost of ceramic materials,
improves the preparation efficiency of ceramic materials, real-
izes rapid ceramic forming, and provides a new path for the
preparation of various complex ceramic parts.
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