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Abstract
As a new manufacturing technology, three-dimensional (3D) printing is being applied gradually to all walks of life. 3D 
printing ceramic materials can solve the problem of hard and brittle materials in shape processing. In this study, precur-
sor ceramic parts were prepared based on the technology of fusion deposition molding. To attain high surface accuracy 
of ceramic green samples, 3D printer plunger and screw extruders were applied for printing and for comparing the 
printing results. Two types of slurry extruder were simulated and analyzed. The determined slurry extrusion device was 
optimized. Results show that the quality of the green sample obtained by the screw extruder is significantly better than 
that obtained by the plunger extruder. The optimized 3D printer can finish printing the ceramic sample efficiently with 
the required printing precision.

Keywords Precursor ceramic materials · 3D printer · Extrusion process of additive manufacturing technology · Screw 
extruder · Plunger extruder · Print quality comparison

1 Introduction

3D printing is known as an additive manufacturing tech-
nology; through the principle of layer-by-layer manufac-
turing, a 3D computer model is printed as a 3D entity [1]. 
The advent of 3D printing has changed the traditional pro-
duction and manufacturing model, simplifying complex 
production processes. 3D printing has the advantages of 
greater material saving and cost reduction over the tra-
ditional method of reducing material manufacturing. It 
can also solve the difficult processing problem of com-
plicated structure parts. It is an ideal processing method 
specifically for hard and brittle ceramic material parts. 3D 
printing technology, along with digital modeling, materi-
als technology, and other areas of cutting-edge technol-
ogy, has profoundly changed the process and methods 
of object manufacturing. Recognized as “the most iconic 

production tool for the third Industrial Revolution,” 3D 
printing has gained increasing attention both at home 
and abroad [2, 3].

In 3D printing, the printing of resin and metal materials 
is a mature technology. Yuki Nakagawa et al. [4] researched 
3D printing of carbon fiber-reinforced plastic parts. Car-
bon fiber-reinforced plastic parts can be manufactured 
by sandwiching carbon fibers between upper and lower 
ABS layers made by a 3D printer using fused deposition 
modeling (FDM). The strength is increased not only by 
sandwiching the carbon fibers but also by thermal bond-
ing between the fibers and layers. The strength for a small-
diameter nozzle is higher than that for a large-diameter 
nozzle. Developing advanced production processes by 
using 3D printing is desirable. Domínguez-Rodríguez et al. 
[5] filled cylindrical specimens with honeycomb and rec-
tangular patterns to test 3D printed ABS structures under 
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compressive loads to analyze the role of printing direc-
tion, density, printing time, and filler shape in stiffness, 
strength, and failure mechanisms. Results show that the 
rectangular filler shape is suitable for fast mass produc-
tion systems. 3D printed structures filled with honeycomb 
patterns in the longitudinal direction have the most effec-
tive strength/mass ratio and are thus recommended for 
low-weight applications. A rectangular or honeycomb 
pattern with 100% relative density structures exhibits the 
highest strength recommended for applications where 
weight is not limited. Travitzky [5] offers a review of pre-
sent achievements in the field of processing of ceramic-
based materials with complex geometry using the main 
additive manufacturing (AM) technologies. Wu [6] report 
a novel approach to fabricate dense zirconia-toughened 
alumina (ZTA) ceramics with excellent properties via an 
additive manufacturing process based on stereolithog-
raphy. Compared with metal and resin material printing 
technology, ceramic material additive manufacturing is a 
relatively new technology [2].

Precursor ceramic materials have excellent properties of 
high hardness, high strength, low density, high tempera-
ture resistance, and corrosion resistance. They have broad 
application prospects in high-tech fields, such as aviation, 
aerospace, electronics, and nuclear energy, as well as gen-
eral industrial fields, such as machinery, metallurgy, and 
chemical industry [7–9]. At present, the 3D printing tech-
nology for ceramic materials mainly includes inkjet print-
ing (IJP) [10], stereo lithography [6, 11], laminated object 
manufacturing [12–14], selective laser sintering [15, 16], 
3D printing [17, 18], 3D gel-printing (3DGP) [19], and FDM 
[20, 21]. FDM is a typical representative of additive manu-
facturing technology based on the extrusion process. The 
advantages of FDM are its low cost, wide range of materi-
als, easy process control, and the ability to create complex-
shaped parts.

In recent years, for ceramic materials in 3D printing 
extrusion research, researchers have emphasized the 
molding process. Shao et al. [22] employed the 3DGP pro-
cess by using a screw extruder to prepare zirconia ceramic 
parts with a regular appearance; the surface roughness 
of the printed ceramic green sample is 8.9 μm. Zhang 
et al. [23] applied the 3DGP process to prepare hydroxy-
ethyl methacrylate parts with WC-20Co solid content of 
47–56 vol% by using a screw extruder. Samples with a 
good shape and a homogeneous microstructure can be 
printed with appropriate precision. Xu et al. [24] found 
that hydroxyapatite artificial bones successfully prepared 
by using the FDM process have natural bone mechanical 
properties and good in vitro cell biocompatibility. FDM is 
a simple, convenient, and relatively low-cost method. Liu 
et al. [25] analyzed a piston extrusion device in terms of 
extrusion pressure, layer thickness, printing speed, and 

other process parameters on the basis of the printing 
results of alumina ceramic slurry, and prepared ceramic 
parts with a smooth surface and high precision.

Organic pioneer synthesis of ceramic materials technol-
ogy originated in the 1960s. This technology has become 
a new method for preparing ceramic materials due to 
its advantages in terms of molecular scale design, net 
size forming, low pyrolysis temperature, and high tem-
perature performance. The core process for the use of 
organic precursors (e.g., polycarbosilane, polysilane, and 
polysiloxane) is by first conducting pyrolysis preparation 
of ceramic materials, including organic small molecules, 
followed by condensation reaction into organic macro-
molecules, and then further cross-linking the molecules 
to create an organic–inorganic precursor. A ceramic mate-
rial is then created after pyrolysis and sintering [26–28]. At 
present, the main types of ceramic materials synthesized 
by 3D printing combined with organic precursors include 
SiC, Si3N4 , SiOC, and SiNC [29]. Schaedler et al. [30] used 
organic polymer-based UV-curable 3D printing technol-
ogy to obtain a polymer precursor with a 3D structure. At 
1000 °C, pyrolysis obtained almost the same shrinkage 
and high-density ceramic materials. This type of ceramic 
material has higher compressive and shear strength than 
ordinary ceramic foam with the same density. Pierin et al. 
[31] found that on the basis of the IJP process, prepared 
fine porous SiO ceramic scaffolds with preceramic polymer 
of precursors have good compressive strength. However, 
no researcher has applied precursor ceramic slurry to the 
extrusion of 3D printing.

Slurry extrusion device in 3D printer is the core com-
ponent. This device delivers stock accurately and quan-
titatively. However, studies on slurry extrusion structure 
remain relatively few. Zhou et al. [32] created four dif-
ferent designs of the internal flow passage geometry of 
the plunger extruder and used fluid analysis software to 
simulate flow velocity and internal pressure field at the 
nozzle outlet cross section. The best shape of internal flow 
channel was obtained, but this study focused only on the 
plunger extruder. Ding et al. [33] improved the ceramic 3D 
printer nozzle structure to achieve continuous feeding and 
simulated the screw extrusion process, but the outflow 
rate is too small, and the flow rate may affect printing effi-
ciency. Drotman [34] designed the 3D printer screw extru-
sion, which can achieve 0.2 mm nozzle diameter extrusion 
with a maximum outflow rate of 7.14 mm/s. However, resin 
material was used in this study.

This paper, which is based on experiments and numeri-
cal simulations, selected the FDM process based on extru-
sion technology as the technical basis and selected the 
ceramic precursor as print material. Two different extru-
sion methods—plunger and screw extrusion—combined 
with simulation analysis were used to finish the printing 
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experiment by comparing the quality of the ceramic green 
samples printed by the two slurry extruders. The analysis 
aims to determine the best slurry extrusion device for pre-
cursor ceramic material 3D printer. Finally, the device is 
further improved and optimized based on the determined 
extruding device, which effectively improves the printing 
efficiency of the 3D printer.

2  Experimental

2.1  Material

Hydrosilicone oil, as a cross-linking agent, is added to vinyl 
silicone oil. Then, the appropriate amount of chloroplat-
inic acid and methylbutynol is added. Chloroplatinic acid 
is used as a catalyst for the hydrosilylation reaction of vinyl 
silicone and hydrosilicone oils. Methylbutynol is used to 
inhibit premature solidification of the precursor ceramic 
slurry. Finally, calcined kaolin is gradually added to the pre-
vious mixture and uniformly stirred to obtain the precursor 
ceramic slurry. There are many bubbles in the prepared 
precursor ceramic slurry, which needs to be stirred in a 
vacuum mixer. Figure 1a is a vacuum mixer and Fig. 1b is 
a precursor ceramic slurry.

The slurry exhibits distinct non-Newtonian fluid proper-
ties. To further grasp its nature, the relationship between 
shear rate and dynamic viscosity was tested by using a 
torque rheometer (Fig. 2).

Figure 3 shows the relationship between shear stress 
and rate of the slurry. As can be seen from Fig. 3, the shear 
stress is a non-zero constant when the shear rate is zero. 
This result indicated that the fluid is Bingham plastic fluid.

Fig. 1  Preparation of materials

Fig. 2  Experimental torque rheometer

Fig. 3  Relationship between shear stress and rate
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The dynamic viscosity of the slurry with the shear rate 
changes in the relationship shown in Fig. 3. The curve fit-
ting from Fig. 3 is

Conforming to the Bingham plastic fluid viscosity formula,

where η is the dynamic viscosity; �̇� denotes the shear rate; 
τ0 represents the yield stress threshold; �̇�c refers to the criti-
cal shear rate; K stands for the consistency index; and n is 
power law index. When n < 1, the fluid exhibits shear thin-
ning. When n > 1, the fluid is shear thickening. When n = 1, 
the model is a Newtonian fluid rheological model.

The formula obtained from the fitted curve shows that 
n = 1.21, indicating that the slurry has shear thickening 
properties; the yield stress threshold value is 28.5 Pa. The 
critical shear stress value is 0.9(1/s); the maximum and 
minimum viscosity values are 35.9 and 14.7 Pa s, respec-
tively. Thus, the experimental printing slurry is a high-vis-
cosity non-Newtonian fluid (Fig. 4).

2.2  Plunger extruder

Figure 5 shows a schematic of the 3D printing plunger 
extruder. The printing process is as follows: first, the 
ceramic slurry is gradually filled into the silo, and the 
plunger is installed. Commands are sent to the motor on 
the plunger via the printer control device to move the 
plunger down into the silo so that a small amount of slurry 
in the silo overflows. This process can prevent too much 
air from entering the silo during feeding and reducing 
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printing accuracy. Second, the designed 3D model is 
imported into the slicing software, which can rotate the 
imported model to the most suitable printing angle and 
set reasonable printing parameters. Print speed, layer 
height, and nozzle diameter are key parameters that affect 
print quality; a nozzle diameter of 0.6 mm, a layer height of 
0.4 mm, and a print speed of 11 mm/s can generate high 
printing accuracy for the precursor ceramic material parts. 
The slice is layered to generate G code and imported into 
the 3D printer control device. Finally, driven by the motor, 
the plunger moves downward to produce a significant 
pressure bin, forcing the slurry to flow from the nozzle and 
through the heating device to achieve curing.

2.3  Screw extruder

The printing results of the screw and plunger extruders, 
as experimental and control groups, respectively, are 
compared to determine the best slurry extrusion for the 
precursor ceramic 3D printer. Figure 6 shows a schematic 
of the 3D printing screw extruder. First, the silo is filled 
with the precursor ceramic slurry, then the piston with the 
diameter of the silo is pressed into the silo, and the air is 
discharged through repeated vibration bin. With access to 
the upper opening of the silo plastic pipe, the plastic pipe 
is connected to the pressure gauge and air compressor. 
The plastic pipe connected to the bottom outlet allows 
slurry to enter the screw extruder. The air compressor is 
opened when printing, and gas pressure is controlled 
through the pressure gauge reading so that the piston 
in the silo will generate thrust to ensure that the slurry 
will always fill the screw device without flowing out of the 
nozzle. The G code is imported into the 3D printer control Fig. 4  Relationship between dynamic viscosity and shear rate

Fig. 5  Plunger extruder. 1, Motor; 2, plunger; 3, silo; 4,5, heating 
device; 6 printer control device
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device, where the 3D model and the printing parameters 
are consistent with the plunger extrusion printing. Finally, 
driven by the motor, the screw rotation generates axial 
force to realize slurry transportation, which causes the 
slurry to flow out of the nozzle and solidify through the 
heating device.

3  Finite element model

In this paper, the extrusion process of the plunger and 
screw extruders are simulated by using ANSYS Fluent soft-
ware. The experiment used precursor ceramic slurry as a 
variable density fluid, the reference pressure is standard 
atmospheric pressure, the density at reference pressure is 
1538 kg/m3 , and the density exponent of the slurry is 716. 
The Herschel–Bulkley model was used as the rheological 
model. Extrusion molding was performed at room tem-
perature. The extrusion molding process was evaluated as 
a laminar flow in accordance with the Reynolds number 
formula.

First, the finite element model of the plunger extruder is 
established. The model is divided by the hexahedral struc-
ture grid. The total number of grids is 929,998. Figure 7 
presents the plunger extruder structure model. Figure 8 
shows the plunger extruder grid model. In accordance 
with the printing experiment, the plunger moves down-
ward with speed when squeezing the slurry; the inlet 
velocity is set as 12 mm/s. In accordance with the actual 
situation, the slurry flows directly into the atmosphere; the 
outlet pressure value is set as 0 Pa.

The finite element model of the screw extruder estab-
lished. The model is divided by a total of 2658,133 struc-
tural and unstructured grids. Figure 9 presents the screw 

extruder structure model, and Fig. 10 shows the screw 
extruder grid model.

4  Results and discussion

4.1  Comparison of experimental results

Figure 11 presents the result of the ceramic green sample 
printed by the plunger extruder. Figure 11 shows that the 
ceramic green sample printing line has slight ripples on 
the sidewall surface, which may be caused by the large or 
uneven slurry discharge during the printing process. From 
the front, the printing lines at both ends of the ceramic 
green sample are connected, which is difficult to observe 

Fig. 6  Screw extruder. 1, Silo; 2, motor; 3, screw; 4, heating device
Fig. 7  Plunger extruder structure model

Fig. 8  Plunger extruder grid model
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and is also slightly protruding, thereby indicating that the 
discharge volume at this part is larger than that at other 
parts. Therefore, the surface of the ceramic green sample 
will no longer be flattened when the number of printing 
layers is high, and the two ends of the green sample will be 
higher than the middle height, resulting in deformation.

Figure 12 shows the result of the ceramic green sample 
printed by the screw extruder. No defect or deformation 
can be observed outside the printed sample. The side-
wall of the ceramic sample has a clear texture and is well 
arranged. The filling process in the printing style can be 
distinctly seen at the front of the printing sample. Thus, the 
printing effect of the screw extruder on the ceramic green 
sample during the uniform and stable discharge process 
is significantly better than that of the plunger extruder.

4.2  Simulation result analysis

When printing two ends of the ceramic green sample, 
the printing speed reduces due to the change in printing 
direction at the turn. To ensure uniform outlet velocity, the 
plunger stops moving down briefly and the screw stops 
rotating. In the ideal state, slurry should have stopped 
flowing out. The ceramic slurry is a compressible liquid. 
Thus, extrusion pressure allows the slurry to compress 
to a certain extent, and internal pressure is accumulated. 
When the external force is removed, under the effect of 
accumulated pressure, the slurry in the silo still flows out 
from the printing head, thereby causing the “salivation” 
phenomenon, which commonly occurs in the 3D printing 
process and causes the surface of ceramic green sample to 
bulge due to overfilling [35]. High thickness of the printed 
ceramic green sample corresponds to an uneven surface.

Fig. 9  Screw extruder structure model

Fig. 10  Screw extruder grid model

Fig. 11  Plunger extruder-printed ceramic green sample

Fig. 12  Screw extruder-printed ceramic green sample
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Figure 13 shows the simulated changes in the aver-
age flow velocity at the outlet of the plunger and screw 
extruder as the print orientation changes. At 0.05 s before 
the print speed changes, the average outlet velocities of 
the plunger and screw extruders reached a steady state. 
The average outlet velocities of the plunger and screw 
extruders are 10.83 mm/s and 10.81 mm/s, respectively.

The plunger then stopped moving, but the average flow 
velocity at the outlet did not decrease; instead, it increased 
slightly. The screw extruder is different; the average outlet 
velocity after the screw stopped rotating decreased from 
10.81 to 2.25 mm/s in only 0.23 s, which quickly controlled 
the discharge volume.

Finally, the printing direction completely changed, the 
plunger moved back down, and the average flow velocity 
at the outlet still exhibited a slight increase, which explains 
the small ripple on the sidewall surface of the printed 
ceramic green sample due to the relative discharge. The 
corresponding screw to restore rotation, this time if the 
average outlet velocity cannot be restored to the level 
before the screw stall there will be too little due to filling 
the slurry caused by the problem of depression of the print 
model. In accordance with the results, the printed ceramic 
green sample does not appear to be depressed due to the 
small amount of discharged material. Simulation results 
show that the average velocity at the outlet increased to 
10.7 mm/s in only 0.1 s, which is equivalent to the average 
flow velocity at the outlet before the screw stopped. This 
result shows that the screw extruder can quickly control 
the amount of output to match the needs of 3D printing.

In the 0.05–0.32 s time period, the area between the 
plunger extruder and the average extrusion rate at the 
outlet of the screw extruder represents the excess dis-
charge of the plunger extruder over the screw extrusion 
device during a change in print orientation. This activity 

is an important reason why the print lines on both ends of 
the ceramic green sample connected and bulged and why 
the printing effect of the screw extruder is significantly 
better than that of the plunger extruder. The area between 
the flow velocity at the outlet of the screw extruder and 
the time axis (X-axis) represent the excess discharge of the 
screw extruder in the printing direction. These extra dis-
charges are sufficient to significantly affect print accuracy. 
Thus, the screw extruder can print a high-quality ceramic 
green sample.

Figure 14 presents a comparison diagram of printing 
direction changes before and after the change in the 
pressure of the plunger and screw extruders. Figure 14a, 
c, and e show the description of the pressure contour of 
the plunger extruder before the print orientation changes, 
0.23 s after the plunger stops moving, and 0.1 s after the 
print orientation changes, respectively. As can be seen 
from the abovementioned figure, the pressure value of the 
cross section of the plunger extruder fundamentally exhib-
its no change, and the pressure value of the connected 
atmospheric pressure rapidly drops at the nozzle near the 
outlet. Before the printing direction changed, the pressure 
in the silo was 60,489.69 Pa. After the plunger stopped 
moving at 0.23 s, the average velocity at the outlet was sta-
ble, but the internal pressure of the silo decreased by only 
593.99 Pa. This outcome occurred because the plunger 
extruder of the silo is a confined space; when the plunger 
stops moving down, the pressure inside the silo was not 
substantially released. The release of small pressure in turn 
causes the slurry density to become small and expanded. 
Thus, the slurry will continue to flow from the nozzle 
and the velocity will not be reduced. When the printing 
direction is changed, the pressure in the silo increases to 
61,142.33 Pa within 0.1 s. This increase may be due to the 
plunger moving down again to squeeze the slurry, thereby 
further increasing the outlet flow rate.

Figure 14b, d, and f present the pressure contour of 
the screw extruder before the printing direction changes, 
0.23 s after the screw stops rotating, and 0.1 s after the 
printing direction is changed, respectively. The abovemen-
tioned figure shows that screw extrusion is a significant 
pressurization process, which shows that the variable pitch 
screw can effectively compensate for the pressure at the 
inlet, which is not enough to ensure sufficient pressure 
to achieve slurry extrusion. Before the printing direction 
changed, the screw extruder internal pressure changes 
from 10,000 to 59,786.29  Pa. After the screw stopped 
rotating at 0.23  s, the internal pressure of the screw 
extruder dropped from 59,786.29 to 10,000 Pa, which was 
equivalent to the inlet pressure. This decrease shows that 
the pressure generated by the screw has been released, 
which corresponds to a significant reduction in the outlet 
velocity. When the printing direction changed, the screw Fig. 13  Average outlet velocity comparison chart
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resumed rotation. In only 0.1 s, the internal pressure of the 
screw extruder rose to 59,263.66 Pa, which is equivalent 
to the internal pressure of the device before the screw is 
stopped. This result is an important reason for the rapid 
increase in the outlet velocity.

4.3  Improvement and optimization

Earlier studies identified screw extruders as the best 
extrusion device for 3D printers when using precursor 
ceramic materials. The ceramic green sample printed by 

the screw extruder has high precision and good surface 
quality. However, the printing speed is only 11 mm/s, and 
the low printing speed affects printing efficiency, which is 
caused by the low average velocity at the printer outlet. To 
shorten the printing time and improve printing efficiency, 
the change in the screw speed to 60 and 90 rpm is first 
simulated by the finite element method. Then, the change 
in the average outlet velocity is observed to improve the 
printing efficiency under the premise of ensuring printing 
quality. Figure 15 shows the change in the average outlet 
velocity at screw speeds of 40, 60, and 90 rpm when the 

Fig. 14  Comparison diagram 
of printing direction changes 
before and after the pressure 
of the plunger and screw 
extruders changes. a Printing 
direction changes before the 
plunger extruder pressure 
contour; b printing direction 
changes before the screw 
extruder pressure contour; c 
the plunger stopped mov-
ing after 0.23 s of pressure 
contour; d the screw stopped 
rotating after 0.23 s of pressure 
contour; e printing direction 
changes after 0.1 s plunger 
extruder pressure contour; 
f printing direction changes 
after 0.1 s screw extruder pres-
sure contour
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printing direction changed. The abovementioned figure 
shows that when the screw speed increases, the aver-
age outlet velocity also increases, corresponding to an 
increase in the printing speed. When the printing direc-
tion changes, the screw extruder can still control the dis-
charge volume quickly, and the printing quality will not be 
reduced due to the change in the rotation speed. When 
the screw speed reaches 90 rpm, the average outlet veloc-
ity can reach up to 19.98 mm/s, which is nearly double that 
of the outlet before optimization.

When the screw speed is adjusted to 90 rpm and the 
printer stepper motor of each axis is adjusted to match the 
print speed, the printing speed increases from 11 mm/s 
to 20 mm/s, and the optimized 3D printing experiment is 
conducted. Figure 16 shows the ceramic green samples 
printed at a screw speed of 90 rpm. The printed ceramic 
green sample had a smooth surface and no defects and 

deformation. Moreover, the printing speed improved sig-
nificantly. Thus, increasing the screw speed ensures that 
the precursor ceramic green sample is efficiently printed 
while meeting printing accuracy requirements.

Figure  17 shows the microstructure distribution of 
the ceramic samples. The surface of the samples are flat. 
Because of the high viscosity and poor fluidity of printing 
slurry, there are bulky protuberances and inhomogeneous 
phenomena on the surface of cured slurry.

5  Conclusion

In this paper, FDM process based on extrusion technol-
ogy was selected as the technical basis for the successful 
printing of the precursor ceramic material green sample. 
First, two different extrusion methods—plunger and screw 
extrusion—were used to shape the ceramic green sam-
ple. The quality of the extrusion methods were compared, 
and a simulation analysis was conducted. Finally, the screw 
extruder was optimized. The following conclusions were 
obtained:

Fig. 15  Change in average outlet velocity at different screw speeds 
when the printing direction changed

Fig. 16  Ceramic green sample printed with screw speed of 90 rpm Fig. 17  Microstructure distribution
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1. Experiments found that the ceramic green sample 
printed by the plunger extruder has slight ripples on 
the sidewall surface.And the ceramic green sample 
printed by the screw extruder has a smooth surface, a 
clear texture, and a distinct layer, and the print quality 
is significantly superior to that of the plunger extruder.

2. The simulation analysis shows that when the printing 
direction changes, the screw extruder can quickly and 
accurately control the amount of discharge, whereas 
the plunger extruder exhibited almost no change in 
the amount of discharge. Therefore, the ceramic green 
sample printed by the screw extruder is more planar 
and has higher molding precision than that printed by 
the plunger extruder.

3. Increasing the screw speed can significantly improve 
print efficiency without affecting print quality. When 
the screw speed is 40  rpm, the printing speed is 
11 mm/s; when the screw speed is 90 rpm, the print-
ing speed increases to 20 mm/s. At this time, the screw 
extruder can still control the increase and decrease of 
the discharging amount rapidly, thus ensuring printing 
precision.
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