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Preparation and characterization of Al.O3-based ceramic cores by binder
jetting composite powder curing inorganic binder
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Abstract: Binder jetting can efficiently manufacture complex Al,Os-based ceramic components. However, the existing
organic binder systems not only require a relatively high curing temperature, but also have a relatively large shrinkage
rate of ceramic samples after high-temperature sintering. In this study, Al>O3; powder, silicate powder and powder curing
additives are used as raw materials to prepare the green bodies through binder jetting. After curing at room temperature,
the green bodies are degreased and sintered to obtain ALOs-based ceramic core. The effects of the proportion of
inorganic binders and curing agents and sintering temperatures on the properties of AlOs-based ceramic cores are study.
The results show that when the addition amount of silicate powder is 3 wt%, the bending strength after sintering at
1500 C is 10.77 MPa, which meets the casting requirements.

Key words: Binder jetting; Inorganic binder; Powder curing agent; AOs; Ceramic cores

the existing BJ mostly adopts organic binders, which not

. only require a relatively high curing temperature and
1 Introduction . S
i . have a large shrinkage rate after sintering, but also cause
Additive manufacturing (AM) technology are . . . 13415

« 3D orintine technol hich be traced considerable pollution to the environment [13-15],
bnol‘cN':l 2‘:}51 19 8p0rlnlltng dec ) no Zg;y’ W 1tc thcan fe r.ace i Over the past few decades, many efforts have been focused
ac ' o the s. It is designed to mee é pro ess1on'a on specifically optimizing BJ processing parameters or material
requirements of complex structure preparation and rapid . .
) ) ] systems. However, there are relatively few studies on the
prototyping. Nowadays, it has become a universal . . L . .
technical platf i1 the fields of ter-aided desi influence of inorganic binder systems on the properties of ceramic
echnica’ platiotm i the Helds of compuier-aided desigh samples ['*17] Heng et al. has developed a new type of inorganic

metal salt binder for enhancing the density and mechanical
properties of bonded jetted tungsten-based alloys. The results
show that the use of AMT binder can significantly increase the

and rapid manufacturing!. AM technology is widely
applied in the custom production of metal, ceramic and
polymer materials as well as the rapid prototyping of

complex parts >3] and it can achieve efficient moldless density and compressive strength of the green and pre-treated
forming . Therefore, AM technology has been widely arts. and achil terine densificats I
oo ) i parts, and achieve sintering densification at a lower temperature
applied in multiple fields such as healthcare, automobiles, U9 Jiang et al. prepared starch-based binders using sodium
. [5-6] . . =
acrospace, and ConStFuCUOTI n alginate and polyvinylpyrrolidone as additives ['”). In a word, it is
Among them, binder jetting (BJ) has the advantages important to develop an inorganic binder suitable for the
of fast forming speed, short production cycle and low . . . o 2021]
i ) . preparation of precision casting ceramics **2.
material cost. It has been applied to the production of In this study, an in-situ dissolution and curing BJ process
[7-9] [10] i
complex structures - Yang et al, .were able to using silicate powder and water-based solvents is proposed to
manufacture complex Al,Os-based ceramic components he ALOs-based . ih 1L
economically and efficiently by BJ. The bendin prepare fhe ALL-based ceramic cores Wifh exoeent
Y o i v o & performance. In addition, the effects of the addition amount
strength and sintering relative density of the prepared

Al>,O;-based ceramics reached 113.79 MPa and 78.13 %
respectively. When Mitra et al. 'l used furan resin

of silicate powder and temperature on the AlLO;s-based
ceramic cores are studied.

binders, the mechanical strength of the sand mold could
be enhanced by increasing the curing temperature and
time. Bryant et al. ?l used the BJ process with furan
binder, which could improve the mechanical strength of
the sand mold by optimizing the parameters. However,

2 Materials and methods
2.1 Raw materials and process

ALO; (Zhengzhou Green Energy Environmental
Protection Co., LTD.), silicate powder (Henan Borun
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Casting Materials Co., LTD.) and powder curing agent
(Hebei Enyi Metal Materials Co., LTD.) were used as
raw materials. The microscopic morphology is shown in
Figure 1. The water-based binder (E115) is provided by
Wuhan Easy Technology Co., LTD. First, A>Os3, silicate
powder and powder curing agent are pre-mixed through
a mixer as the base material. Printing was carried out
using jet bonding forming equipment. The printing layer
thickness was 0.04 mm, the inkjet volume was 55 %, and

the model size was 50 mm X 10 mm X 8§ mm. After
printing, the green body and the powder bed need to be
left to stand and cure at room temperature for 24 hours.
And then, the green body was taken out and the
surrounding powder was cleared. Subsenquently,
high-temperature sintering was carried out directly at
1300 °C, 1400 C and 1500 C for 3 hours respectively.
After cooling with the furnace, the samples were
obtained. The process flow is shown in Figure 2.

Figure. 1. Microstructure of the raw materials: (a) Al,O3; (b) Silicate powder; (c) Powder curing agent.

ALO, Mixing

Silicatg{bqwder

Ceramic core samples

Sintering

Draw the model

Printing

Figure. 2. lllustration of the preparation process of Al20;-based ceramic cores.

2.2 Evaluation methods

The calculation formula of the shrinkage rate (¢) of
the specimen is:

o= ’01‘0’1 X 100 % (1)

In the formula, lo represents the width of the sample
before sintering, and 1; represents the width of the
sample after sintering. The MTS810 universal testing
machine was used to test the bending strength of the
samples by the three-point bending method. The span of
the testing machine is set at 30 mm, and the
displacement speed of the punch is set at 0.05 mm/min.
The bulk density (p») and apparent porosity (P,) of the
samples were tested by the Archimedes displacement
method:

__ mz—mg

Pb X PHy0 (2

mz—my

P, =—"_x100% (3)

maz—my

In the formula, mo represents the mass of the dried
sample, m; represents the mass of the sample measured in
water, and m represents the mass of the sample after
absorbing water. The microscopic morphology of samples
was observed using the scanning electron microscope -
RISE-CLARA system. The surface contour undulations of
the ceramic samples were tested and characterized using the
ultra-depth-of-field
(EasyZoomS5 3D).

three-dimensional microscope

3 Results and discussion
3.1 Physical property

Figure 3 shows the effect of different silicate
addition amounts on the bending strength of green
bodies. After curing at room temperature for 24 hours,
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the results show that with the increase of the addition
amount of silicate, the bending strength of the green
body first increases and then decreases. This is because
the silicate as a binder promotes the contact between the
ceramic powder and the powder curing agent, making
the body more dense. When the addition amount of
silicate is moderate, it can effectively fill the voids
between ceramic particles and improve the bending
strength of the green body. However, when the addition
amount of silicate exceeds 3wt%, a large number of
pores and cracks will form in the green body. These
defects will significantly reduce the bonding strength
between powder particles, thereby leading to a decrease
in the bending strength of the green body. In this study,
when the addition amount of silicate is 3 wt%, the
bending strength of the green body after curing at room
temperature for 24 hours reaches 1.96 MPa.

N
°
—

o
-

Bending strength (MPa)
2 :

e
o
1

R ; ; :
The addition amount of silicate powder (wt%)
Figure. 3. Effect of silicate addition amount on the bending
strength of green bodies.
Figure 4 shows the evolution laws of mechanical

properties of samples with different silicate contents

under different sintering temperature conditions. With
the increase of sintering temperature, the shrinkage rate,
bending strength and bulk density of the sample show a
trend of increasing first and then decreasing, while the
porosity shows the opposite changing trend. First, the
impurity oxides present in the raw materials are
conducive to the sintering of the samples. They can
accelerate the chemical reactions inside the samples and
are conducive to the formation of a more compact
structure. Second, as the sintering temperature increases,
the bonding between powder particles gradually
strengthens, the size of ceramic grains significantly
increases, and the pores gradually close. This series of
microstructure changes indirectly leads to an increase in
the shrinkage rate, bending strength and bulk density of
the samples. However, when the addition amount of
silicate powder exceeds 3 wt%, the silicate powder will
decompose and release gas during the sintering process.
This is not conducive to the sintering densification of the
sample. And it will also form a large number of pores
inside the sample, thereby leading to a decrease in
volume density and bending strength.

In summary, the optimal addition amount of silicate
powder is 3 wt%. Under these conditions, the shrinkage
rate of the ceramic green body at 1300 ‘C-1500 C is
1.12 %-3.48 %, the bulk density is 1.72 g-em3-1.89
g-em, the apparent porosity is 53.59 %-58.02 %, and
the bending strength is 2.37 MPa-10.77 MPa.
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Figure. 4. Effects of silicate powder content and sintering temperature on physical properties of samples:

(a) shrinkage rate; (b) bulk density; (c) apparent porosity; (d) bending strength.

3.2 Microstructure

The microscope images of the fracture morphology

of AlLO;-based ceramic cores with different silicate
powder addition amounts at a sintering temperature of
1400 °C are shown in Figure 5. It can be seen from
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Figure 5 that after sintering at a of 1400 °C, the average
particle size of AlOs-based ceramic cores did not
change significantly with the increase of the addition
amount of silicate powder. However, a layer of newly
formed micron-sized silicate particles is deposited on the
surface of the alumina particles after heat treatment.
These tiny silicate particles fill the pores in the ALO3
powder layer. Further observation revealed that the
porosity of AlbOs-based ceramic cores decreased with
the increase of the addition amount of silicate. This
change indicates an increase in the densification degree
of the internal structure of the material and leads to an
increase in shrinkage rate. In addition, at 1400 °C, the

increase in the addition amount of silicate promotes the
formation of more neck bonding between the newly
generated micron-sized silicate particles and the AlLO3
particles. These neck bonds closely connect the
originally dispersed ALOs particles, not only effectively
limiting the shrinkage during the sintering process, but
also significantly enhancing the bending strength of
AlOs-based ceramic cores.

In conclusion, reasonably regulating the addition
amount of silicate can effectively improve the
microstructure of AbLOs-based ceramic cores and
enhance their overall performance.

Figure. 5. Microstructure images of the samples with different amounts of silicate at 1400 °C:

(a~d) represents the amount of silicate added as 1 wt%, 2 wt%, 3 wt% and 4 wt% in order.

Figure 6 shows the fracture morphology of the sample with an addition amount of 3 wt% of silicate within the
sintering temperature range of 1300 °C to 1500 °C. With the gradual increase of sintering temperature, the interaction
between powder particles is significantly strengthened, and chemical bond mergers begin to form, undergoing structural

rearrangement. With the gradual increase of sintering temperature, the interaction between powder particles began to

form chemical bonds and undergo structural rearrangement. This process is accompanied by the gradual disappearance of

large pores and the reduction of the total volume of pores. With the further increase of sintering temperature, the material

transport process becomes more active. The interfaces of ceramic particles continue to develop and expand. The original

pores gradually shrink and deform under the continuous heat treatment effect, and eventually transform into isolated

closed pores. Meanwhile, the particle interface begins to migrate. Along with the growth of the particles, the pores migrate to
the particle interface and disappear accordingly. This process greatly enhances the bulk density of the sample. The increase of bulk
density reduces the internal defects of the material and enhances the bonding strength between the particles, thus significantly

improving the bending strength of the sample.

— 637 —



ga
AFC

17 BIMBHERIY
THE 17™ ASIAN FOUNDRY CONGRESS

4 1EMHNE
Part 4: Additive Manufacturing

Figure. 6. When the addition of silicate powder is 3wt%, the microstructure images of the samples with different sintering temperatures:

(a~c) represents the sintering temperature of 1300 °C, 1400 °C and 1500 °C in order; the subscript (1~3) represent different magnifications of 500X,
1000X, and 2000X in order.

3.3 Surface roughness

Figure 7 shows the influence of different silicate
addition amounts (1 wt%-4 wt%) and sintering
temperatures (1300 C-1500 ‘C) on the roughness of the
specimens. At 1400 °C, the increase in the addition
amount of silicate leads to a decrease in the surface
roughness of the top and side surfaces of the sample first
and then an increase. At a lower addition amount of
silicate, there is not enough binder to provide binding
force for the powder particles. Some powder partially
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fell off the surface of the sample, resulting in an increase
in surface roughness. When the addition amount of
silicate is higher than 3 wt%, the excessive powder
combines with the surface, resulting in surface expansion
and poor surface roughness. In summary, when the
addition amount of silicate powder is 3 wt%, the surface
roughness of the sample shows the best performance.
Specifically, heat
temperature of 1400 ‘C, the top roughness of the sample

after treatment at a sintering

reached 12.8 pum, and the side roughness was 27.2 pm.

o
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Figure. 7. Effects of different addition amount of silicate powder and sintering temperature on the surface roughness of the samples:

(a~b) represents the different addition amount of silicate powder and sintering temperature in order; the subscript (1~2) represents the top roughness and side

roughness in order.
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As shown in Figure 8, the addition amount of
silicate has a significant effect on the three-dimensional
super-depth-of-field surface morphology of the sample at
1400 °C. Compared with the side surface, the top surface

of the sample is more uniform and smooth after sintering.

This is because during the sintering process, the top
surface is heated more evenly, which promotes the
uniform growth and arrangement of grains and reduces
the surface roughness. Further observation revealed that
with the increase of the addition amount of silicate, the

e e e —————— ————

color of the three-dimensional super-depth-of-field
surface morphology gradually changed from orange-red
to sky green. This indicates that with the increase of the
addition amount of silicate, the roughness of both the
side surface and the top surface decreases. Because
silicate can promote the densification process of the
material at high temperature to reduce the formation of
pores and cracks, so that the surface is smoother. In this
study, when the addition amount of silicate was 3 wt%,
the surface roughness of the samples performed the best.

Figure. 8. Ultra-depth 3D microscope images of the samples with different amounts of silicate:

(a~d) represents the amount of silicate powder added is 1 wt%, 2 wt%, 3 wt% and 4 wt% in order; (1~2) represent top roughness and side roughness

respectively.

4 Conclusions

(1) Based on the binder jetting
ceramic cores, the properties of the
different
temperatures were characterized and

of AlLOs-based
samples under
silicate addition amounts and sintering
analyzed. The
results show that an appropriate amount of silicate can
effectively promote the sintering densification process
and significantly improve the bending strength and bulk
density of the samples. However, when excessive silicate
is added, the bulk density will decrease, thereby reducing
the bending strength. In this study, when the addition
amount of silicate powder is 3 wt%, the bending strength
after sintering at 1500 C is 10.77 MPa, which meets the
casting requirements. Moreover, the shrinkage rate of the
sample after sintering is only 3.48 %.

(2) With the increase of the amount of silicate
added, the connection and contact area between the
particles in the sample expand to form more neck
connections, thus significantly enhancing the bending
strength. In addition, with the increase of the addition

amount of silicate, the surface roughness of the top and

side surfaces of the sample first decreases and then

increases. In this study, when the addition amount of

silicate powder was 3 wt%, the top roughness was 15.7

pm and the side roughness was 32.8 pm after sintered at

1500 C.
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