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Additive manufacturing of dense SiC parts was achieved via an extrusion-based process followed by electrical-
field assisted pressure-less sintering. The aim of this research was to study the effect of the rheological
behavior of SiC slurry on the printing process and quality, as well as the influence of 3D printing parameters on
the dimensions of the extruded filament, which are directly related to the printing precision and quality.
Different solid contents and dispersant- Darvan 821A concentrations were studied to optimize the viscosity,
thixotropy and sedimentation rate of the slurry. The optimal slurry was composed of 77.5 wt% SiC, Y203 and
Al;03 powders, 0.25 wt% dispersant and 0.01 wt% defoamer. The printing parameters studied included extru-
sion pressure, nozzle size, layer height and printing speed; the one that had the most prominent effect on filament
width and height was indicated as layer height. The nozzle inner diameter of 1.04 mm, speed of 350 mm/min,
layer height of 0.7 mm and extrusion air pressure of 0.31 MPa were the optimal printing parameters. Further-
more, the relationship between the printing parameters and the filament dimensions was successfully predicted
by using machine learning and grey system theory. Finally, the relative density of the printed SiC parts sintered
at 1900 °C reached 94.7+1.5%.

1. Introduction one approach toward fabricating SiC ceramic parts with complex ge-

ometries [10]. With the rapid development of science and technology,

In recent years, SiC ceramic has become popular in many industries
because of its excellent thermal conductivity, high-temperature strength
and chemical stability [1-6]. Traditional methods for preparing dense
SiC ceramic include casting and hot pressing [7,8]. However, these SiC
ceramic forming techniques are limited in terms of low geometric ac-
curacy, mold compatibility and long sintering time. In the recent years,
electric-field assisted sintering of SiC ceramics is under considerable
attention. Because it can significantly reduce the sintering temperature
and time in structural ceramic materials [9]. Moreover, it is necessary to
develop fabrication techniques to manufacture complexly shaped SiC
ceramic.

Additive manufacturing (AM) is a rapidly evolving technology and is

several AM techniques have been developed, such as extrusion [11],
selective laser sintering [12], digital light processing [13] and direct ink
writing [14]. Among the above AM techniques, extrusion processes
possess some outstanding advantages such as low cost, good environ-
mental adaptability, and controllability [15]. Zhang et al. successfully
prepared SiC ceramic parts with periodic structure and outstanding
mechanical properties by wusing an extrusion-based additive
manufacturing technique combined with a liquid silicon infiltration
process [16].

The key considerations for extrusion-based additive manufacturing
processes are the preparation of slurries with good rheological behavior
and feasible printing parameters. It has been reported that the viscosity
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Table 1
The formulation ratios of the powder mixture (wt.%).
Sic Aly03 Y203
Powder mixture 95 3 2

and viscoelasticity of printing slurries can be improved by optimizing
the amount of binder and solid content [17,18]. For instance, Zahra
et al. optimized the printability of slurry by adjusting the type and
content of additives, and established a relationship between the slurry
properties and shape of final specimens [19]. Tang et al. investigated the
effect of printing parameters on the shape of specimens using an
orthogonal experiment [20]. The results showed that the printing pa-
rameters influenced the forming process in the following order: solids
loading > layer height > print speed > nozzle diameter. For the extru-
sion additive manufacturing process, the printing parameters had a
complicated relationship with the shape of printed specimens, which
was difficult to analyze because of uncertainty and insufficient infor-
mation. Grey system theory was used to study complex, multivariable
systems while incorporating the unknown factors and discerning the
relationship between the known factors and the results [21]. Chen et al.
used grey system theory to successfully analyze the correlation between
fly ash particle size and properties of insulation materials prepared with
fly ash, which was proved to be a reliable basis for future work [22].

For the investigation of rheological behavior of printing slurries,
most researchers have focused on the viscosity, storage modulus and loss
modulus. However, thixotropic behavior is also an important property
for printing slurries. Thixotropy describes a reduction of the structural
strength during a constant shear load phase and a complete regeneration
of the structure during the subsequent rest phase [23]. In an
extrusion-based AM process, this means that the printing slurry becomes
more viscous when it is not actively being printed, which enables more
precise stopping during printing. Moreover, very few researchers have
investigated in detail the relationship between the printing parameters
and shape of filament and used their findings to build a predictive
model. To address these knowledge gaps, the viscosity and thixotropic
behavior of SiC slurries in this study were optimized by adjusting the
amount of dispersant and solid content. Furthermore, the influence of
the printing parameters including pressure, layer height and nozzle
speed on the width and height of filament was investigated by using grey
system theory. A corresponding prediction model, which can be used to
select printing parameters based on the required precision of extrusion,
was successfully built by machine learning.

2. Materials and methods
2.1. Slurry preparation

The raw materials consisted of commercial SiC powder (purity
>99%, average particle size 0.45 pm, Weifang Huarong Ceramic Com-
pany, China), a-Al,O3 powder (purity >99%, average particle size 0.8
pm, US Research Nanomaterials, USA) and Y03 powder (purity
>99.9%, average particle size 0.95 pm, Atlantic Equipment Engineers,
USA). Darvan 821A and ethanol were used as dispersant and defoaming
agent, respectively.

The formulation ratios of the powder mixture for the slurries are
represented in Table 1. Slurries with solid content ranging from 71.5 to
79 wt% were mixed by planetary ball milling. The ball-to-powder ratio,
milling speed and milling time were 2:1, 350 RPM and 180 min,
respectively. Finally, the pH value of the slurry was adjusted to 10 using
sodium hydroxide solution in order to improve the stability of the
suspension.

2.2. Additive manufacturing and subsequent processing and sintering

The SiC slurries were printed using a modified commercial 3D
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Fig. 1. Heating schedule for electric field-assisted liquid phase sintering.

printer (Lulzbot TAZ 6) retrofitted with a compressed air module. The
3D models were built in Microsoft 3D builder and sliced using Sim-
plify3D software, and then exported to G-code. A Python script devel-
oped in-house was used to modify the G-code to control the application
of compressed air and syringe pathing. The modified code was then
executed by Simplify3D. In order to determine the optimal parameters
for printing specimens with complex geometries, the printing parame-
ters of layer height, applied air pressure, nozzle speed and nozzle size
were varied. After printing and subsequently drying at 110 °C for 24 h,
the specimens were treated at 600 °C for 1 h to pyrolyze the dispersant.
Finally, electric field-assisted liquid phase sintering was performed in a
DCS-10 (Thermal Technologies, Inc.) under argon atmosphere using a
graphite crucible designed to prevent pressure from being applied to the
specimens. A powder bed containing SiC, Al;O3, and Y203 powders was
utilized inside the crucible to inhibit volatilization at high temperature
[24]. The heating schedule is presented in Fig. 1.

2.3. Characterization

The rheological behavior of the slurries was measured using a
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Fig. 2. Effect of dispersant concentration on the viscosity of the slurry with
71.5 wt% solid content.

28445



R. Chen et al.
—8— 71.5wt.%—o— 73.0wt.%—A— 74.5wt.%
8000001 4 v 76.0wt.% ¢ 77.5Wt% < T79.0wt.%
|
@ 600000 |
=
A |
é |
2400000 -
‘D
=
[*]
.2 ‘
1> 2000007 |
) 4
0 tsiltstetssststssssssessstes
T T T T T
0 20 40 60 80
Shear rate(1/s)

Fig. 3. Effect of solid content on the viscosity of the slurries.

viscometer (HBDB-II + PRO Brookfield); the viscosity and shear stress
were measured under a continuous shear rate from 0.4 s~ to 80 s~ ! at
room temperature. The surface of the green bodies was observed using
an optical microscope. The density of the sintered SiC specimens was
measured by Archimedes method. The microstructures of the sintered
specimens were analyzed using scanning electron microscopy (FEI
Quanta 600) in low-vacuum mode with ions ionizied from water vapor
as the charge-reducing species.

3. Results and discussion
3.1. Rheological behavior of slurries

It was determined that the necessary condition for the preparation of
dense specimens is a printing slurry with high solid content. However,
the viscosity of the high solid-content slurry was too high to print
specimens by extrusion. Therefore, optimization of the rheological
behavior of slurries with high solid content is imperative to the success
of the extrusion-based additive manufacturing process. Darvan 821A
was used as dispersant to improve the flowability of slurry. The effect of
dispersant concentration on the viscosity of slurry is displayed in Fig. 2.
The viscosity of the slurry decreased with the initial addition of
dispersant, as expected. The difference in the slurry viscosity among
different dispersant contents was more pronounced at low shear rates.
The main reason for this phenomenon is strong adsorption energy of the
dispersant onto the ceramic powder. The dispersant easily covered the
surfaces of the SiC, Al;O3 and Y203 powders, which improved the
dispersion stability through steric hindrance and electrostatic stabili-
zation [25]. However, when more dispersant was added to the slurry,
the viscosity increased gradually. At high concentrations, excess
dispersant could cause flocculation of slurry through a depletion
mechanism [26]. Osmotic pressure was caused by steric hindrance
because the distance between the powders was too short to hold the
excess dispersant molecules. The generated osmotic pressure may have
produced an attractive force between the ceramic powders, resulting in
the flocculation of the SiC particles [27]. At the same time, the excess
dispersant molecules were interconnected to form a network structure,
leading to reduced flowability of the ceramic powders in the slurry [28].

Based on the experimental results shown in Fig. 2, the optimal con-
centration of dispersant was 0.25 wt%. With that, the effect of solid
content on the flowability and thixotropic behavior of slurry was
investigated. The viscosity of slurries with 71.5, 73, 74.5, 76, 77.5 and
79 wt% solids loading with 0.25 wt% dispersant at pH 10 is presented in
Fig. 3. As the solid content increased, the slurry became more viscous.

Ceramics International 48 (2022) 28444-28454
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Fig. 4. The relationship between shear rate and shear stress for slurries with
various solids loading.

Table 2
The rheological parameters and correlation coefficient for slurries with different
solids loading.

Specimens 70 (Pa) k (Pa-s) n R?

77.5 wt% slurry 105.19 2.27 0.97 0.9936
76.0 wt % slurry 58.51 4.62 0.56 0.9955
74.5 wt% slurry 38.44 9.21 0.35 0.9952
73.0 wt% slurry 9.59 3.60 0.34 0.9948
71.5 wt % slurry 2.47 5.06 0.25 0.9952

Interestingly, it was observed that when the solid content of slurry
increased from 77.5 wt% to 79 wt%, the viscosity increased sharply at
low shear rates. According to the Woodcook model, the continuous
phase in the slurry influences the slurry flowability (Equation (1)) [25]:

h 1 5\"?
3*(%*5) - o

where h represents the distance between SiC, Al;03 and Y203 powders,
d is the diameter of powder particles, and @ corresponds to the volume
of the solid loading of the slurry. It was found that with increasing
content of the ceramic powders the average distance between the
powders decreased. Meanwhile, the van der Waals forces increased
significantly. Therefore, increasing the solid content of the slurry hin-
dered the flow of the slurry, leading to an increase in slurry viscosity.
The 79 wt% slurry was too viscous to extrude from the nozzle. As the
shear rate increased, all of the slurries showed pseudoplastic (shear
thinning) behavior (Fig. 4). The Herschel-Bulkley model is used to
represent the pseudoplastic property of the slurry (Equation (2)) [26]:

=10 + k7" 2)

where 7 is shear stress, 7 is yield stress, y is applied shear rate, « is the
consistency index, and n is the shear-thinning index. The experimental
results are consistent with the Herschel-Bulkley model (Table 2). The
shear-thinning indices of the slurries were lower than 1, which
demonstrated that all of the slurries can be considered non-Newtonian
fluids. Shear-thinning behavior of non-Newtonian fluids enabled the
slurry to be extruded smoothly and to rapidly solidify in the absence of
shear force after extrusion [29]. Therefore, all of the prepared slurries
were suitable candidates for the printing slurry of the extrusion additive
manufacturing process. Moreover, with the increase in the solid content
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Fig. 6. Sedimentation rate of the slurries with 74.5, 76.0 and 77.5 wt%
solid content.

of the slurry, the yield stress increased gradually. When the slurry solid
content was lower than 74.5 wt%, the yield stress of the SiC slurry was
lower than 10 Pa, which had a negative influence on the extrusion, since
it is difficult to maintain during the printing process the structure of a
paste with a lower yield stress.

Thixotropy is a time-dependent phenomenon, as the viscosity of the
substance must recover after a certain period of time when the applied
force is removed [30]. Thus, thixotropy of slurry plays an important role
in printing specimens with complex geometries. Fig. 5 shows the thix-
otropy loops of slurries with different solid contents. Stronger thixo-
tropic behavior is represented by a larger area between the top and
bottom of the curve. The solid content of the slurry was found to have a
great influence on the thixotropic behavior. The thixotropy of the slurry
improved considerably when the slurry solid content increased. Thix-
otropy is caused by a competition between the ceramic powder in-
teractions and viscous forces [31]. The distance between the ceramic
powder particles in the slurry decreased with increasing solid content of

Ceramics International 48 (2022) 28444-28454

the slurry, resulting in the improvement of interactions between ceramic
particles. Compared to the slurries with 74.5, 76.0 and 77.5 wt% solid
contents, the slurries with 71.5 wt% and 73.0 wt% exhibited poor
thixotropy. Furthermore, when performing practical experiments, the
slurries with 71.5 wt% and 73.0 wt% solids loading were not suitable for
printing specimens because of their high flowability and low shape
retention.

The solid content of the slurries was also found to affect the sedi-
mentation rate (Fig. 6). The sedimentation rate decreased with
increasing solid content, which was due to interactions between the SiC,
Al;03 and Y203 powders in the slurry. The stronger the interaction be-
tween ceramic powders, the lower the sedimentation rate.

When the slurry was used to print filament by the extrusion additive
manufacturing process, occasionally some flaws like warpage occurred,
which was due to the poor thixotropic behavior of slurry. Optical mi-
crographs of the extruded filaments are shown in Fig. 7. Warpage flaws
were observed in the filaments prepared with 74.5 and 76.0 wt% solid
contents. While the track lines of the 77.5 wt% solids loading slurry
appeared to be relatively straight and free of deformations, the track
lines printed using slurries with lower solids loading tended to warp or
bend during the drying process. During the extrusion process, the slurry
was subjected to shear stress, which decreased the viscosity of the SiC
slurry, resulting in the improvement of the slurry flowability. However,
after extruding, the shear stress was removed and the viscosity of the
slurry could not recover quickly enough due to the poor thixotropy of
the slurry. Therefore, the extruded slurries still had good flowability and
demonstrated the formation of warpage flaws during drying. For the
specimens prepared with 77.5 wt% SiC slurry, few warpage flaws were
formed in the specimens. This is presumably due to the high thixotropy
of the slurry as shown in Fig. 5.

According to the Herschel-Bulkley model and Newton’s law, the
shear rate affects the shear stress and viscosity of slurry. For pseudo-
plastic fluids, with increasing shear rate, the shear stress and viscosity of
slurry increase and decrease, respectively. During extrusion, the shear
rates of the 77.5 wt% slurry extruded through different nozzle sizes were
different. The shear rate y of the slurry was calculated by Equation (3)
[14]:

_ 40
- n(d/2)’

3

where Q represents the flow rate and d is the diameter of the nozzle.
Table 3 shows the shear rates of the slurry with 77.5 wt% solid content
using nozzles with different sizes during extrusion. When a 1.04 mm
nozzle was utilized to extrude the SiC slurry with 77.5 wt% solid con-
tent, the shear rate reached maximum value (88.49 1/s). At the same
time, the area of thixotropy loop was changed (Fig. 8). It was deduced
that when a 1.04 mm nozzle was used to extrude the 77.5 wt% slurry,
the recovery rate of the viscosity of the slurry was higher than others
during the extrusion process. Therefore, the 1.04 mm nozzle was
determined to be most suitable for printing high-quality specimens.

3.2. Prediction of filament dimensions by grey incidence analysis and
machine learning

For the extrusion process, it is important to control the dimensions of
the extruded filament, which affects the printing precision and quality.
It was observed that when SiC pastes with low viscosity were used, the
filament height was equal to the layer height because of their high
flowability (Fig. 9). However, when SiC pastes with high viscosity and
un-optimized printing parameters were used for printing, excess paste
piled up on both sides of the nozzle, resulting in the formation of gaps
between each layer of filament. Therefore, under this condition, the
filament height was not equal to the layer height. The printing param-
eters such as pressure, layer height and nozzle speed have a great in-
fluence on the shape and dimensions of the extruded filament; however,
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Fig. 7. Optical images of filaments extruded using the slurries analyzed in Fig. 6: (a) 77.5 wt% SiC slurry; (b) 76.0 wt% SiC slurry; (c) 74.5 wt% SiC slurry. Sites
where track lines were significantly deformed are circled to call attention to warpage defects.

Table 3
Shear rates of the 77.5 wt% slurry during extrusion through nozzles with
different diameters.

Nozzle diameter 0.60 mm 0.70 mm 1.04 mm 1.34 mm

Shear rate (1/s) 62.24 50.56 88.49 59.26
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Fig. 8. Thixotropy loop of a slurry with 77.5 wt% solid content, with annota-
tions added to reflect the shear rates experienced during extrusion through
different nozzle diameters.

it is very time-consuming to find such relationship experimentally. Grey
incidence analysis, an effective method to investigate the relationship
between factors and results [32-34]. In this work, the printing

parameters and the dimensions of extruded filament were regarded as
input factors and output factors, respectively. The grey relational grade
obtained from the grey incidence analysis was used to optimize the
printing parameters and the accuracy of filament dimension prediction
by machine learning. The results from studying the effects of printing
parameters on the dimensions of the extruded filament are displayed in
Appendix Fig. Al. Based on these results, the grey relational grades
between printing parameters and the filament dimensions were calcu-
lated and are presented in Table 4.

It was found that layer height had the highest grey relational grade
with both the width and height of the extruded filament. Therefore, the
layer height had a more significant influence on the dimensions of the
extruded filament compared with the other processing parameters.
Therefore, future work on 3D printing with high viscosity slurry should
pay specific attention to adjusting the printing parameters, especially
layer height, to reduce the porosity in the matrix and optimize the di-
mensions of the printed filament. Moreover, among the printing pa-
rameters, the nozzle speed showed the lowest grey relational grade.
These findings played a major role in building a prediction model using
machine learning. Machine learning prediction models, specifically
artificial neural network, trained using high quality databases have been
shown to help identify the elementary semi-empirical rules that dictate
the relationship between input factors and output factors and further
predict the outcomes in the same system for input data that are not in the
training database [35]. In this work, the printing parameters of pressure,
layer height and nozzle speed were considered as input parameters, and
the dimensions of extruded filament including height and width were
regarded as output parameters. A database with 62 data sets was used
for the prediction model. The accuracy of the model predictions was
evaluated by using relative error (Equation (4)):

(va —ve)
VE

5= 4

where § is the relative error and v, and vg are actual value and predicted
values, respectively. A schematic diagram for the building and opti-
mizing processes of the prediction model can be found in Appendix
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Paste with high viscosity
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Fig. 9. Schematics of filament height versus layer height under different conditions and microscope images of filament prepared with different slurries.

Table 4
Grey relational grades between individual printing parameters and the dimen-
sion of the extruded filament. Higher values reflect a stronger dependence.

Layer height Nozzle speed Pressure

Grey relational grade 0.9984 0.3336 0.8939

Fig. A2. The process included three layers: input layer (the printing
parameters), hidden layer and output layer (the height and width of the
filament). The hidden layer was used to find the relationship between

input layer and output layer. Fig. 10 shows the predicted values of
filament width and height from the artificial neural network model,
along with actual data obtained from the experiments. The mean values
of relative error of width and height (5) were equal to 0.045 and 0.100,
respectively, which indicated that the model effectively predicted the
dimensions of extruded filament. Therefore, the model can be used to
select printing parameters based on the intended degree of precision.
Because different levels of precision may be required based on the
application and the intended post-processing, the model is a powerful
tool for selecting the best printing parameters without trial and error,
saving time and resources for parts production.
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Fig. 10. The accuracy of the machine learning model for predicting filament dimensions.
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Fig. 12. Scanning electron micrographs of green (top) and electric-field assisted liquid-phase sintered (bottom) specimens. Secondary electron images are presented
to highlight the morphology, while backscattered electron images illustrate the distribution of the oxide sintering aids before and after sintering.
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3.3. Density and microstructure of sintered specimens

Based on the above results, when the pressure, nozzle speed and
layer height were chosen to be 0.31 MPa, 300 mm/min and 0.65 mm,
respectively, the filament with excellent shape was obtained. After field-
assisted sintering, the shape of the SiC specimens did not change
(Fig. 11). Furthermore, because of the high solid content of the printing
slurries, little shrinkage (9.33 + 0.8%) occurred along the height di-
rection during sintering. Due to the high solid content and low
shrinkage, highly dense SiC ceramic parts (bulk density ~3.08+0.05 g/
em®, relative density ~94.7+1.5%) with complex geometries were
obtained.

Fig. 12 presents the microstructure of green and sintered specimens.
The green body is relatively dense with few pores because of the high
solid content in the slurry. After sintering, highly dense specimens were
obtained, owing to the formation of the liquid yttrium aluminate phase
at high temperature and the presence of electrical field promoting
pressure-less sintering. The liquid phase filled into the pores caused by
the evaporation of water. As a direct consequence, the liquid phase
improved the sintering ability of SiC powders [36]. Moreover, the
powder bed used during sintering played a key role in inhibiting the
volatilization of oxides, reducing the weight loss caused by the reactions
between SiC and Al;O3 or Y203 (Equations (5) and (6)) [37]:

SiCly) +AlL O3y =AL O + SiO + CO 5)
SiCy) + Y2033 = Y20() + SiO(g) + CO) (6)
4. Conclusions

Dense SiC ceramic parts with complex geometries were prepared by

an extrusion-based additive manufacturing process combined with field-
assisted pressure-less sintering. Slurries were prepared with a range of

Appendix

Ceramics International 48 (2022) 28444-28454

solid contents to determine the optimum composition for printing. The
slurry with 77.5 wt% solid content and 0.25 wt% dispersant showed
excellent thixotropic behavior. The thixotropy of the slurry was found to
have a great influence on the additive manufacturing process and the
quality of extruded filament after drying. In addition, the relationship
between printing parameters and extrusion quality/precision was
investigated. The layer height was found to be particularly influential,
having the highest relevance coefficient with the dimensions of the
extruded filament based on grey relational grades obtained via grey
incidence analysis. A model was established using machine learning for
predicting the appropriate input parameters based on the desired print
quality/precision. The model can be used to determine the necessary
printing parameters for specimens requiring a specific amount of pre-
cision based on the intended application. Finally, the density of the
sintered specimens with complex geometry reached 3.08+0.05 g/cm®
(relative density ~94.7+£1.5%).
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Fig. Al. Effects of printing parameters (pressure, layer height and nozzle speed) on the dimensions (width and height) of extruded filament. (a) Effects of pressure on
filament width/height, with a layer height and a nozzle speed of 0.5 mm and 350 mm/s, respectively; (b) Effects of layer height on filament width/height, with a
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pressure and a nozzle speed of 20 psi and 330 mm/s, respectively; (c) Effects of nozzle speed on filament width/height, with a layer height and pressure of 0.65 mm
and 18 psi, respectively; (d) Effects of pressure on filament width/height, with a layer height and nozzle speed of 0.4 mm and 380 mm/s, respectively; (e) Effects of
layer height on filament width/height, with a pressure and a nozzle speed of 18 psi and 370 mm/s, respectively; (f) Effects of nozzle speed on filament width and
height, with a layer height and pressure of 0.5 mm and 21 psi, respectively; (g) Effects of pressure on filament width and height, with a layer height and a nozzle
speed of 0.6 mm and 330 mm/s, respectively; (h) Effects of layer height on filament width/height, with a pressure and a nozzle speed of 23 psi and 410 mm/s,
respectively; (i) Effects of nozzle speed on filament width/height, with a layer height and a pressure of 0.65 mm and 15 psi, respectively; (j) Effects of pressure on
filament width/height, with a layer height and a nozzle speed of 0.75 mm and 450 mm/s, respectively; (k) Effects of nozzle speed on filament width/height, with a

layer height and a pressure of 0.65 mm and 25 psi, respectively.
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Fig. A2. Schematic for building and optimizing processes of the machine-learning prediction model.
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