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Ceramics Additive Manufacturing by Granulated Particle and Nanoparticle Containing Ink
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ABSTRACT

Ceramic additive manufacturing is generally more effective than conventional molding methods

when used for structural parts, but the modeling quality (e.g., accuracy, density) is limited when
manufacturing thick parts. In particular, engineering ceramic parts such as a jig or turbine components
are 1 to several centimeters thick. This study presents a novel binder jetting (BJ) method called particle
homogenizing modeling (PHM) for manufacturing structural ceramics. The PHM method is
characterized by the ceramic granulated particles used for the recoating powder, and ink which contains
ceramic nanoparticles and a solvent that collapses the granulated particles. In this study, the relative
density of the green body is evaluated as a function of the ink saturation to verify the effectiveness of
the proposed PHM method. Homogenization occurs due to increased saturation, and consequently, the
highest value of the relative density of the sintered body is 88 vol.%. Furthermore, less deformation or
cracking is observed when compared to previous studies, and the shrinkage rate is constant when green
bodies with a thickness of 10 mm to 30 mm are sintered. Building parts 10 mm or thicker without
deformation or cracking would be a groundbreaking advancement in the ceramics additive
manufacturing field. The novel PHM method can potentially be used to manufacture large, high-density,

high-precision ceramic parts, and can also be applied in various industrial fields in the future.
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Introduction

1-1  Background

Advanced ceramic materials (e.g., alumina, zirconia,
and silicon carbide) are applied as structural materials
such as engine components in the aerospace, automotive,
and heavy electrical industries to reduce the
environmental impact owing to their excellent material
properties such as mechanical strength, low weight, high
melting point, and resistance to environmental factors®.

However, the conventional manufacturing methods
used to process ceramics into structural parts are time-
consuming and expensive. Furthermore, these methods
are generally incompatible when used for parts with
complicated shapes and high thickness. Machining is one
of the conventional methods of ceramic processing. It can
be used to manufacture large and thick ceramic parts from
sintered blocks. However, it is disadvantageous as cracks
or fractures tend to develop when processing thin or small
parts. The ceramic injection molding (CIM) method is
another widely used conventional method for ceramic
processing®™. In this method, a binder and solvent are
added to the ceramic powder and kneaded to produce a
ceramic paste, which is molded with an extrusion molding
machine. Subsequently, the molded body (green body) is
generally subjected to heat treatment to remove the mixed
resin (debinding process) and sintered at a high
temperature. The CIM method is suitable for processing
small or thin parts, but not for machining thick parts
because the paste and green body have many impurities to
ensure good flowability or handling. Consequently,
deformation and cracking tend to occur during the

2-5)

debinding process for thick or large parts®>. Many

engineering ceramics parts like jig and turbine

components have a thickness from 1~few centimeters.
Additive manufacturing (AM) can be used to overcome

these problems and presents considerable potential as an

effective approach for manufacturing structural ceramic

parts®®.

Several methods have been proposed for the
manufacturing of three-dimensional ceramics®®, binder
jetting (BJ), vat photopolymerization (VP), powder bed
fusion (PBF), directed energy deposition (DED), material
extrusion (ME), material jetting (MJ), and sheet
lamination (SL). Each AM method presents various
advantages and disadvantages in the manufacturing of
structural ceramics. The VP and MJ methods can be used
to produce parts with excellent accuracy, high density, and
good surface roughness as these methods involve the use
of nanoscale ceramic particles in the raw materials.
However, these methods are limited by the thickness of
the parts, similar to the CIM method!%'?. The VP method
uses a ceramic paste containing a large amount of resin in
the raw material. The MJ method uses ceramic particles
which contain ink and use many resins as solidifying
agents. Deformation, cracking, pores, and residual carbon
are generated during the debinding and sintering process

10,13, 14) In

for thick or large parts since resin is an impurity
contrast, the BJ method can be used to manufacture parts
using lower amounts of resin when compared to the other
methods”'>!®. The BJ process uses a binder to stick the
powders and the amount of binder to be discharged is
minimal since the powder occupies the majority volume
in parts. However, the BJ method is also disadvantageous
as it is difficult to achieve both high density and high
accuracy. Powder flowability and packing density are
important parameters in evaluating materials in the
powder bed method for the quality of the parts, such as
density, accuracy, surface roughness, and so on'®. These
powder parameters correspond intricately to various
properties, such as particle size, and roundness.
Consequently, materials with a particle size of 10—50 pm
are primarily used as the BJ materials”. Conversely, a
smaller particle size is preferable for producing dense
ceramics parts such as a nanoparticle from the perspective
of sinterability. However, nanoparticles are extremely
difficult to handle when using the powder bed method

owing to their low flowability. Therefore, forming a dense
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green body with a small amount of resin component is
crucial while using small particles in order to obtain thick
and large ceramic sintered bodies which can be employed
as a structural part.

This study proposes a novel BJ method called the
particle  homogenizing  modeling (PHM)  for
manufacturing structural ceramics using smaller-sized
particles, which cannot be handled by the conventional
powder bed method, by using granulated particles and
ceramic particle dispersion ink to overcome the existing

limitations.

1-2  Particle Homogenizing Modeling

Fig. 1 illustrates the concept of the PHM method used
in this study. In this process, a recoating roller is used to
spread a powder layer using the granulated particles (GP)
containing the primary ceramic particles (PP) and the
binder resin. Subsequently, the ink is applied to the
powder layer, which contains dispersed ceramic
nanoparticles (DP) and the solvent, which can dissolve the
binder resin in the GP. The ink, which is applied to the
powder using an inkjet system, percolates into the powder
by dissolving the resin contained within the granulated

particles. The force binding the primary particles

gradually decreases as the resin dissolves, and the

Jetting @‘_

=
O-

Spreading powder

granulated particles break apart from the primary particles
when a certain threshold is exceeded.

Consequently, the region to which the liquid is applied,
is homogenized through the shape disintegration of the
secondary particles and immobilized by the binder resin,
thus ensuring the reduction of voids or unsolidified
regions from the region to which the liquid is applied.
Furthermore, the ink contains ceramic nanoparticles to
suppress the deformation which occurs during
homogenization and while filling the voids. The formation
and application steps are repeated until the required
number of laminated layers are achieved. Miao et. al',
Hotta et. al.2?, and Huang et. al.2) proposed an application
of the BJ method using GP to improve the handleability
of fine powders, and Zhao et. al.?? reported a method
using nanoparticle ejection filled powder voids and
improved the hydration resistance of 3D printed parts.
However, there have been no studies conducted on a
method to dissolve a granulating binder with ink and fill
voids with nanoparticles in the ink.

This report describes the basic behavior of the PHM
method which the effects of the amount of ink and
nanoparticles applied to the granulated particles are

evaluated and effect of homogenization.
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Depowdering e
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Y % b ” »
Green body Sintered body

v The itk containing DP appliedio

Dispersed particle; DP
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surface tension of theink and fill gapsand pores
to fortna dense structure,

Fig. 1

Schematic illustration of particle homogenizing modeling (PHM) process.
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Experimental

2-1 Materials

The target material used is Al,O3, whose effects can be
easily verified by the large amount of experimental data
that have been reported. The Al,O; particle prepared by
our research team has a purity of 99.99% and density of
3.95 g/cm’. The ALOs particles with a volume median
particle size of few microns are as the primary particle
(PP), while <10 wt.% of acrylic resin is used as the binder
for the granulated particles (GP). They are both mixed and
dispersed with ZrO, beads to prepare a slurry, which is
then granulated into a spray granulator. The AlLO3
nanoparticles with a purity of 99.99% are used for
dispersed particles (DP) in ink. The difference in the
size between the GP and DP helps in

particle

distinguishing between them to ensure that the
phenomenon can be accurately understood. The DP is
dispersed by a ball mill in a solvent which dissolve acrylic
resin by with a dispersant for 6 h using ZrO, beads. The
DP content is adjusted to ensure that the viscosity can be

discharged using the inkjet head.

2-2  Printing process

The test pieces are fabricated using a self-developed 3D
printer, which uses RICOH MHS5420 as the inkjet head.
The roller movement speed and roller rotation speed are
100 mm/s and 240 rpm, respectively. The layer thickness
(/) is 80 um and the ink-dripping resolution is fixed at
600 dpi. The relative ink saturation (S) is the volume
fraction rate that fills volumes other than powder, with ink
in the unit volume that is enveloped by ink drawing dots
and layer pitch®®, and can be calculated by using the
following equation:

Vink X1

Saturation, S [%] = m
—Fp

€y

where Vin represents the volume of ink per droplet

ejected by the print head, » denotes the number of

repeated drawings for each layer, and pj is the relative
powder bed density packed by spreading using only the
roller and A represent unit area surrounded by ink dots
defined by dpi. The layering process is repeated until the
desired sample height is achieved. The pj value is
measured at 27 vol.%. Here, S is modeled by adjusting the
discharge waveform and the number of discharges
between 23.3% and 61.1%. Nine block shapes with
dimensions of x:10 x y:30 x z:6 mm are built for each
condition as the test pieces. X-direction is the scanning

and recoating direction.

2-3  Drying, debinding, and sintering process

The part bed containing the built bodies surrounding the
powder is kept in an oven for 6 h to dry following the
completion of printing. The surrounding powder was
removed after the drying process, and the parts are
removed as a green body. The green body is heat-treated
under the conditions listed in Table 1 to obtain a sintered
body.

Table 1 Debinding and Sintering conditions.

Parameter Debinding Sintering
Temperature, o 1650°C, 1 h or
Hold time S00°C, 1.5k 1700°C, 3 h
Heating rate 10°C/min 10°C/min
. . >1000°C: 5°C/min
Cooling rate As is <1000°C- As is
Atmosphere Air Air

2-4 Characterization and measurement

The green body density (pg g/cm?) is calculated based
on volume measured by length measurement and weight
of parts since the green body includes open pores!'®. The
relative density of the green body (pf %) is calculated
by using the following equation:

pc=pc/pé (2
The weight ratio of the resin component of the green

body is measured using Thermogravimetry-Differential
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Thermal Analysis (TG-DTA), and the apparent true density
(p& g/cm?) is obtained from the abundance ratio of the
resin and alumina. The actual densities used to determine
p& are 1.2 g/cm? for acrylic resin and 3.95 g/cm® for
AlO;. The structural images of the green bodies and
sintering bodies are observed through a scanning electron

microscope (SEM; Sigma300, Carl Zeiss, Germany).

Result and Discussion

3-1  Green body densification behavior

Fig. 2 illustrates the correlation between the relative
density of the green body and the saturation, S. The error
bars indicate the standard deviations of the nine test pieces
fabricated under similar conditions. It can be observed
from Fig. 2, that the density increases with the increase in
S. Furthermore, it can be observed that the density
increase behavior has two inflection points corresponding
to S. The dotted line represents the calculated density of
the green parts based on mass balance using the following
equation:

pe=pptVop  (3)

Here, V;p can be calculated from the nanoparticle

content in the ink and the amount of ink dropped per voxel.

This line shows a simple mass balance model of
nanoparticle jetting to the powder. In Fig. 2, the plots at S
< 35% are close to the mass balance model.

However, at 35% < S, the density increases
significantly above the predicted mass balance model.
From S = 35%-48%, the gradient of the density increases
corresponding to the amount of ink and is more than twice
that of the mass balance model. Furthermore, at S > 48%,
the gradient becomes gentle and close to the calculated

line. This shape of the curve indicates that the

densification mechanism varies with an increase in the ink.

Figs. 3 (A)—~(D) present the SEM images of four green
body cross sections as an example. The fracture surface is

formed by the 3-point bending test and the Z-direction
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Fig. 2 The relative density of green body as a function of
saturation.

indicates the upper side of the specimen. Additionally,
Figs. 3 (B-1) and (B-2) present the enlarged views of (B).
Three types of structures are observed at the cross section
of the green bodies from the (A) to (D) images: a sparse
structure in which the GP shape exists, and the DP exists
on the boundary between the GPs, a homogenized
structure in which the PP and DP are packed densely, and
pores. In (A), which is a green body with S = 28.8%,
pé = 33.3%, and has a uniformly sparse structure, the
shape of the GP can be confirmed on the entire surface.
The sparse and homogenized structures coexist alternately
with the increase in the amount of ink, as shown in (B),
with S =38.4% and p;; =40.7%. The shape of the GP can
be identified in the sparse structure, as shown in (B-1), and
it can be observed that the DP exists on the surface of the
GP or between the particles. It is observed from the
comparison with the shape of the GP in Fig. 1, that the
resin of the GP surface can be dissolved by the ink, but the
granulated shape remains unbroken. Conversely, the
shape of GP in the homogenized structure and the
structure in which the PP and DP are densely packed,
cannot be confirmed to consist of a fracture surface, as

shown in (B-2). Based on the sparse packing situation
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shown in (A), it is inferred that mass transfer accompanied
by large deformations is necessary to form such a dense
structure. These sparse and homogenized structures

alternate, and the existence of large pores with a thickness

of several hundred micrometers between them, is observed.

The formation of these pores can be attributed to such
large deformations. Subsequently, in (C) with S = 48.0%
and p = 50.8%, the sparse structure described above

could not be confirmed, and it is composed only of pores

S

Dispersed particles

that § = 61.1% and pg; = 53.0%, and that the size of the
pores decreases with the increase in the amount of ink.
Multiple pores with a diameter of approximately 200 um
are observed in the cross section of (D). Following the
sintering process, these pores are expected to affect the
strength of the parts.

The pores that can be observed in (A)—(D) are covered
with smooth surfaces. It is supposed that the three-
dimensional deformation is attributed to the bubbles

generated through homogenization which could not

Fig. 3 SEM images of fractured surfaces of green body built at (A) S =28.8%, p; =33.3%, (B) S=38.4%, p; =40.7%,
(C) §=48.0%, p; =50.8%, and (D) S=61.1%, pi =53.0%. (B-1) and (B-2) are magnified SEM images of (B).
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escape due to the generation of the pores; the bubbles
become voids and exist within in the green body. It can be
observed from (C) to (D) that the size of pores decreases
with the increase in the amount of ink, and it is expected
that the DP in the ink suppresses the generation of voids
or fills the voids. However, a detailed analysis of this
phenomenon is required in the future.

We consider the PHM can be attributed to the presence
of phenomena such as the balance and dissolution rate of
the amount of solvent component in the ink and the
amount of resin in the GP, the physics of the solution after
resin dissolution, and the diffusion of the DP. Therefore,
the quality of the modeled object can be improved by
analyzing the material prescription which optimizes these

phenomena.

3-2  Evaluation for the sintered body

Fig. 4 presents the relative densities before and after
sintering. The plots for the sintering condition of 1650°C
for 1 h in the air exhibit a good linear correlation between
p% and pZ. When a part of the test piece prepared under
the condition of § = 61.1% is sintered at 1700°C for 6 h,
the density is improved by 2%—8% when compared to that
sintered at 1650°C for 1h. The highest density of the
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Fig. 4 The relative density of sintered body as a function
of relative density of green body with reference
plots.

sintered body is pi = 88%. It can be inferred from this
linear relationship that producing a higher-density green
body to realize a higher sintering density is the most
effective approach.

The Al,O; three-dimensional model data reported thus
far are described by spherical plots as a reference for the
further consideration of the effect of the PHM. The
particle size is classified into three categories and is then
plotted to consider the effect of the particle size of the raw
material on sinterability. Hamano et al.?¥ reported that
a green body density of 39%, which is fabricated from
13 um AlLO; particles and has the largest particle size,
exhibits almost no improvement in the density even after
sintering. Azarmi et al.!¥ and Zhang et al.>® reported a
sintering density of 90% or more using a particle size of
1-10 pm. They were able to produce a higher pf using
particles of similar size used in this study. The plot with a
p& of 65%% is an extension of the linear relationship of
the plot obtained in this study. The data supports the
possibility of obtaining a sintered body with a filling
density close to 100% due to the improvement presented
by this study. Additionally, most of the structural parts
with particle sizes smaller than 1 um have a sintering
density close to 100%, even if the pg is similar to that of
this study?*29.

Conversely, Hotta et al.>” and Huang et al.?! reported
that there was no progress in sintering when compared to
this study even though particles with a small size of 0.5 pum
and 1 um were used as raw materials. They used
granulated particles in these tests to improve the powder
flowability to avoid using a solvent that could collapse the
granulated structure. The density is lower than that in this
study due to the progress in the sintering of the PP in the
GP. However, the progress in the sintering between the GP
is minimal due to the large curvature between the GPs and
the sintering process is limited. Therefore, the effect of
homogenization in the PHM also improves the sintering

density.
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3-3  Hypothesis verification of PHM

The stability of the shape when a thick part is fabricated
is evaluated to determine the effectiveness of the PHM
method. The PHM method aims to reduce the amount of
binder used when compared to other three-dimensional
modeling methods proposed in the previous studies, so
that a test piece with a thickness in the order of centimeters
can be molded with high precision. A cube with a side
length of 10-30 mm is fabricated, and the uniformity of
the shrinkage rate and the stability of the relative density
associated with sintering are evaluated to determine the
effectiveness of the proposed method. This result is a
significant advance since 6 mm thickness has been
reported as critical for existing ceramics AM!?, The
modeling conditions for this model include § = 61.1%.
The sintering conditions are 1650°C for 1 h. Fig. 5
presents the measurement results. The plots of the X-, Y-,
and Z-axis dimensions are slightly offset to the left and
right for visualization. The linearity of the edge of the
sintered body of the modeled object can be confirmed.
Furthermore, the dimensions of XYZ are measured at
three points regardless of the size, and there is almost no
variation as observed from the length measurement result
presented in Fig. 5. This plot exhibits a good linear
relationship, demonstrating that shrinkage due to sintering
occurs uniformly regardless of the thickness of the model.
Additionally, the relative densities of the green body and
the sintered body are observed to be almost constant
regardless of the model dimensions based on the change
in the density data shown in the sphere plot, which also
supports this consideration. Zhou et al.'¥ reported that
cracks occur when a thick test piece is molded due to the
volatilization of resin components. However, in this study,
cracks and deformation did not occur during debinding

and sintering.
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Fig. 5 Shrinkage and density stability due to sintering
for cubes of different sizes.

Conclusion

This
modeling (PHM) method to create high-density three-

study proposes the particle homogenizing
dimensional ceramic parts with a thickness greater than
that achieved by conventional AM and reported basic
behavior of this method. Fig. 6 is an example of a part
built using this process. The PHM method is a type of
binder jetting process which breaks the granulated powder
with ink and arranges nanoparticles between the particles.
The effect of ink on the behavior of densification and the
variation in the internal structure was verified, and the
modeling quality was evaluated. We suppose PHM would
be a breakthrough in various fields where the application

of ceramics is required in the future.

Fig. 6 AlLO; 3D printed parts built by particle
homogenizing modeling (PHM) process.
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