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In this study, the authors refined and molded 8 wt.% yttrium-stabilized zirconia (8YSZ) ceramic powders
by using extrusion 3D printing to obtain green bodies. The green bodies were then subjected to degreasing
and sintering to obtain the final parts. It used two printing nozzles, with diameters of 0.8 and 0.6 mm, for
3D molding, and examined the macroscopic and microscopic characteristics of the green, brown, and
sintered parts. The parts printed by using both nozzles exhibited smooth surfaces and satisfactory layer-to-
layer bonding. However, there were differences in the densities of the sintered parts obtained by using the
two nozzles. The sintered part printed by using the nozzle with a diameter of 0.6 mm had a higher densit?f
of 5.37 g/cm’, while that printed by using the nozzle with a diameter of 0.8 mm had a density of 4.59 g/cm”.
The bending strengths of the sintered bodies manufactured by using nozzles with diameters of 0.8 and

0.6 mm were 114.4 and 261.9 MPa, respectively.
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1. Introduction

Three-dimensional (3D) printing technology is a technique
of fabrication that eliminates the need for conventional methods
of manufacturing. By applying the principle of “layer-by-layer
deposition,” it can be used to sequentially stack 2D x-y planes
to create intricate 3D structures that are challenging to construct
by using traditional processes. This approach allows for the
creation of complex structural designs, and facilitates the
integration of material and structure as well as structure and
function (Ref 1-3). In contrast, traditional methods of manu-
facturing involve subtractive techniques in which an excessive
amount of material is removed from the workpiece to obtain
components of the desired shape and size. Moreover, conven-
tional approaches suffer from such drawbacks as poor effi-
ciency of use of materials and long production cycles (Ref 4, 5).

Ceramics have high mechanical strength and hardness, low
thermal conductivity, high abrasion and corrosion resistance,
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and are therefore widely used as heat-insulating tiles for
spacecraft, solid oxide fuel cells, heat-insulating materials for
automobile engines, and in the dental field. (Ref 6-9). Zirconia
ceramics exhibit a monoclinic structure at room temperature
that is transformed into tetragonal and hexagonal structures at
higher temperatures (Ref 10, 11). These ceramics offer a high
flexural strength, thermal and chemical stability, suitable bio-
compatibility, and corrosion resistance (Ref 12-14). Due to
these characteristics, zirconia ceramics in general, and yttrium-
stabilized zirconia (YSZ) ceramics in particular, have garnered
significant attention in industrial and medical applications (Ref
15, 16). However, compared with the 3D printing of plastics
and metals, the additive manufacturing of ceramics faces
considerable challenges in terms of balancing the reliability of
their performance, their cost, and their surface quality (Ref 17).
Grossin (Ref 18) used powder bed selective laser processing
(sintering/melting) to fabricate the ceramics silicon carbide,
zirconia, and alumina. He compared the use of direct and
indirect methods of powder bed selective laser processing for
fabricating each ceramic, and highlighted outstanding issues in
their processing. Shishkovsky (Ref 19) used laser melting
technology to manufacture parts made of zirconia, and
examined the presence of such defects as cracks and voids in
them. Manufacturing completely dense ceramics directly
through selective laser sintering (SLS) or selective laser
melting (SLM) what is now known as directed energy
deposition (DED) in the context of 3D printing poses
challenges owing to their high melting point and low rate of
diffusion (Ref 20, 21).

The 3D printing of ceramic parts by using material extrusion
(MEX) has the advantages of low cost, simplicity of operation,
and energy efficiency (Ref 22). The mold in this process is
formed by rotating the screw to melt the granular feed into the
filament while using pressure from a gas to drive the piston
(Ref 23). The technology for the MEX of ceramics by using an
organic binder along with a ceramic as raw material has
promising prospects for application as it benefits from the
maturity of ceramic injection molding (CIM) technology (Ref
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24). Notzel (Ref 25) proposed a ratio of raw materials for the
preparation of alumina wires with a high solid loading (55
vol.%), and used it to obtain 3D-printed parts with a high
surface quality by using MEX technology. Furong (Ref 26)
prepared dense SizN, ceramics without prominent defects
through fused deposition modeling combined with sintering by
using gaseous pressure. This study also characterized the steps
on the surface of the ceramic, interlayer bonding, and the
evolution of its microstructure. Rane (Ref 27) used mature
technology for the injection molding of ceramics to prepare
dense 3D zirconia ceramics with a uniform structure and a
smooth surface through laser melting deposition.

In this study, using 8YSZ particles, the authors investigated
the relationship between the flow of two nozzle diameters and
the binder and printing parameters by applying material
extrusion 3D printing techniques. By continuously improving
the process, we obtained a better set of binder formulations,
printing parameters, degreasing and sintering processes for
extrusion 3D printing of ceramic materials, which resulted in
printed parts with uniform shaping and strength. It also
compared the surface morphology, microstructure and mechan-
ical properties of parts printed using different nozzle diameters
to verify the feasibility of material extrusion 3D printing of
8YSZ ceramics.

2. Materials and Methods

2.1 Experimental Materials

Zirconia and yttrium oxide powders that were extruded from
fused deposition powder were supplied by Suzhou Yuante New
Materials Co., Ltd. (Dso was 200 nm). The organic binder was
mainly composed of 60% (mass fraction) paraffin wax (PW,
Sinopec), 20% ethylene-vinyl acetate copolymer (EVA, U1649,
USI), 15% polyethylene (PE, TR480, Sinopec), and 5% stearic
acid (SA, Sinopec). The 8YSZ powder and binder were first
mixed at 140 °C for 60 ~ 80 min by using a twin-roll mixer
(Wuhan Qien Technology Development Co., Ltd.) to mix them
evenly. The 8YSZ feed was then crushed by a crusher
(Shanghai Youxing Electromechanical Co., Ltd.). The diameter
of the particles after the feed had been crushed was the range of
in 3-5 mm, and the solid loading of 8YSZ was 45 vol.%.

2.2 Experimental Method

The process of material extrusion (MEX) of the 8YSZ
ceramics is shown in Fig. 1.

The yttrium oxide and zirconia powders were proportionally
ball-milled, with alcohol as the medium, by using a planetary
ball mill. The slurry obtained after ball milling was dried in a
drying oven. Following this, the 8YSZ raw material was mixed
with the organic binder by using a twin-roll mixer. After having
been cooled, it was broken to obtain a homogeneous feed of the
8YSZ ceramic. The 8YSZ feedstock was added to the melt-
deposited 3D printer hopper, and was transported by a screw to
a barrel coated with a heating coil. The solid 8YSZ feedstock
was melted into a liquid-solid mixture with good fluidity
through heating by using the coil. The feed and nozzle used for
3D printing are shown in Fig. 2. The molten wire was stacked
in a layer-by-layer fashion through the continuous extrusion of
the screw to form 8YSZ green billets with a variety of complex
shapes. Finally, the green bodies were degreased by using an n-

hexane solvent, thermally degreased, and sintered to obtain
sintered 8YSZ bodies.

2.3 Material Testing and Characterization

The 3D-printed feedstock was thermally decomposed for
thermogravimetric analysis (TGA, STA449F3, NETZSCH) to
examine the range of temperature of the thermal debinding and
sintering of the printed green body. The heating rate was 10 °C/
min and the test atmosphere was argon. The densities of the
green body and the sintered body were measured by using the
Archimedes drainage method. The phase analysis of the
sintered body was carried out by using an x-ray diffractometer
(XRD). The test conditions were as follows: The source of
radiation was Cu-Kao, 4 = 0.15406 nm, the tube voltage was
20 kV, the tube current was 30 mA, the scanning speed was
0.03° /s, and the range of 20 scanning was 20° ~ 80°. A
tungsten-filament scanning electron microscope (SU3900,
Hitachi Hi-Tech, Japan) was used to observe the surface and
interlayer microstructure of the 3D-printed 8YSZ green bodies
and sintered bodies.

We used the GB/T6569-2006 method to test the bending
strength of the 3D-printed 8YSZ ceramics by using an
electronic universal testing machine (CMT6103, MTS). The
dimensions of the sample were 2 x 7 x 60 mm. The testing
parameters had a span of 30 mm, and the loading rate was
0.5 mm/min. A diagram of the simulation is shown in Fig. 3.

3. Results and Discussion

3.1 Relationship Between Stability of Flow of Extrudate
from Nozzle and Proportion of Binder

The temperature of the barrel during printing can influence
the viscosity of the feed and, thus, the fluidity of extrusion from
the nozzle. When printing by using a nozzle with a diameter of
0.8 mm, the contents of the components of the adhesive were
60 PW, 20 EVA, 15 PE, and 5 wt.% SA. The temperature of the
barrel was 140 °C, the rate of flow of the liquid-solid mixture
extrusion tended to be stable, and the molding was more
uniform. When printing by using a nozzle with a diameter of
0.6 mm, the contents of components of the adhesive were 65
PW, 15 EVA, 15 PE, and 5 wt.% SA. The temperature of the
barrel was 130 °C, and this yielded printed parts with a uniform
molding and strength. Figure 4 shows the parts printed by using
the two nozzles with different diameters. It is clear from it that
the flow of the extrudate from the nozzle was uniform during
the printing process, the line was clean and tidy, and no
accumulation at the nozzle or burr on the printed parts was
observed.

3.2 Molding, Degreasing, and Sintering for 3D Printing

The parameters of 3D printing were as follows. The speed
of printing was 40 mm/s, the temperature of the nozzle was
130 ~ 140 °C, the temperature of the hot bed was 100 °C,
and the height of each layer was 0.2 mm. The 3D-printed
8YSZ green body was subsequently placed in an n-hexane
solution in a water bath at 40 °C for 20 h for degreasing, and
was then dried in a drying oven at 50 °C for 12 h. The
degreasing process is shown in Fig. 5(a). Following degreas-
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Fig. 1 8 Process flow diagram of YSZ ceramic fused deposition 3D printing

Fig. 2 (a) 8YSZ 3D printing feed; (b) Melt spinning situation

ing and drying with the n-hexane solvent, the rate of
degreasing of the printed green body was 93 ~ 97%, which
proved that its PW component had been removed. According
to the TG-DSC curve of the feed shown in Fig. 5(b), the
printing feed yielded exothermic peaks at about 90 110 1350,
and 460 °C, but the curve of TG showed that the quality of
the feed had not significantly degraded before reaching a
temperature of 300 °C. This result might have been obtained
due to the evaporation of water or organic solvents in this
range of temperature. The TG curve exhibited two prominent
stages of decline at 350 and 460 °C, which showed that the
organic binder had undergone thermal decomposition at this
time. Therefore, it was necessary to maintain the temperature
in this range for a long time in order to remove as much of
the organic binder as possible. It is also necessary to control
the rate of heating to prevent the green body from cracking

The two sticks on the outside can roll freely to the outside, and the sticks in the middle can not
roll.

1 —— Test specimen;
2 ——Rollable rollers;
3 ——Rollable loading indenter.

Fig. 3 Bending resistance test of 3D printed ceramic parts
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Fig. 5 (a) n-hexane water bath degreasing diagram; (b) TG-DSC curve of 3D printing feedstock; (c) Printing the thermal debinding and pre-
sintering curves of the green body; (d) Sintering process of 3D printed parts

owing to excessively fast degreasing. The thermal debinding
of the sample and its curve of sintering are shown in
Fig. 5(c) and (d).

After the thermal degreasing and pre-sintering of the printed

parts, the muffle furnace was heated to 900 °C to greasing
curve of the process shown in Fig. 5(c), and was then cooled.
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The pre-sintering temperature was 900 °C, and caused the
green body to gain strength. The sample was then placed in a
sintering furnace, heated to 1,450 °C at the rate shown in
Fig. 5(d), and was maintained at 1,450 °C for 2 h and then left
to cool in the furnace.

3.3 SEM Images of Powders and Printed Parts

3.3.1 The 8YSZ Raw Materials for 3D Printing. The
patterns of the XRD analyses of yttrium oxide and zirconia
powder are shown in Fig. 6(a) and (b), from which it was clear
that there was no peak of impurity in either. The scanning
diagram and EDS elemental analysis of the 8YSZ powder
obtained after ball milling are shown in Fig. 6(c) and (d). The
EDS energy spectrum showed that the distribution of yttrium
and zirconium was rendered uniform through ball milling, and
satisfactorily yielded yttrium-stabilized zirconia. The 8YSZ
ceramic powder for 3D printing was thus obtained, and was
then mixed with the binder at a certain volumetric ratio to
obtain the printing feed, as shown in Fig. 2(a).

3.3.2 The 3D Printing of 8YSZ Parts. The 3D printing
is a process of layer-by-layer stacking on a set plane. The
surface quality and interlayer bonding of the molded sample are
key factors influencing the effectiveness of the process. The
surface quality is directly related to the accuracy with which the

(a) /10,

Intensity (auw)
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surface is molded and the cost of its subsequent processing,
while the interlayer bonding influences the mechanical prop-
erties of the sintered body. Figure 7(a) and (b) shows images of
scans of the surface and sides of the printed parts when the
nozzle with a diameter of 0.8 mm was used and the temperature
of the barrel was 140 °C. Figure 7(c) and (d) shows images of
scans of their surface and sides when the nozzle with a diameter
of 0.6 mm was used and the temperature of the barrel was
130 °C. The height of the printing layer was set to 0.2 mm.
Following the printing of one layer, the platform was lowered
by 0.2 mm and a new layer was printed. The thickness of each
layer was controlled by lowering the printing platform. The
surfaces of parts printed by using the two nozzles were smooth,
the side layers were clear, and the bonding was tight. This
proved that the wire extruded by using the printing nozzle was
dense and uniform.

After thermal debinding as determined by the TG-DSC
curve, the ceramic parts were sintered to 1,450 °C and
maintained at this temperature for 2 h according to the sintering
process. The interlayer scanning images of parts printed by
using nozzles with diameters of 0.8 and 0.6 mm are shown in
Fig. 8. A small gap was observed at the interface after sintering,
and was formed due to shrinkage after degreasing and sintering
(the rate of linear shrinkage was 22 ~ 25%, as shown in
Fig. 10). However, no prominent gap was observed in most

(b)

Intensity (a.u.)

L
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Fig. 6 (a, b) are the XRD spectra of ZrO2 and 8YSZ, respectively; (c, d) SEM images of 8YSZ powder after ball milling and energy spectral

images of the distribution of each element of the powder, respectively

Journal of Materials Engineering and Performance



Fig. 7 (a, b) Interlayer scanning images of 0.8 mm nozzle printed parts and green blanks; (c, d) 0.6 mm nozzle prints and green layer scanning

diagram
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Fig. 8 (a, b) respectively 0.8 and 0.6 mm nozzle printing sintered body layer SEM images

areas, and the microstructure of the middle layer was as dense
and uniform as that of the inner layer.

A map of the internal scan of the sintered body is shown in
Fig. 9. We compared the scanning maps of the sintered bodies
based on parts obtained by nozzles with diameters of 0.8 and
0.6 mm. The density of the part printed by using the nozzle
with a diameter of 0.8 mm was 4.59 g/cm® while that of the
part printed by using the nozzle with a diameter of 0.6 mm was
5.37 g/em®. The density of the latter part was 89.8% of the
theoretical density of the 8YSZ ceramic (Ref 23). We also
obtained ratios of the binder corresponding to the two nozzles
such that both could be stably and evenly discharge the
extrudate. The results showed that the nozzle with a diameter of
0.8 mm was preferable when printing porous or hollow ceramic
parts, while that with a diameter of 0.6 mm should be used for
ceramic parts with particular porosity-related requirements or
denser ceramic parts.

3.4 Mechanical Properties

The sintered 8YSZ body used for the test of bending
strength is shown in Fig. 10. To provide a sound experimental

basis for the subsequent analysis of the reliability of the
samples, we used 10 samples each prepared by using the two
nozzles with different diameters to test their mechanical
properties.

The results of the test of bending strength are shown in
Table 1. The mechanical properties of the parts printed by using
the nozzle with a diameter of 0.6 mm were stable at around
261 MPa. The sample was then subjected to three sets of
nanoindentation tests. The Vickers hardness of the ceramic
parts was about 1510 HV. This shows that parts of the 8YSZ
ceramic printed by using the nozzle with a diameter of 0.6 mm
were harder than those formed by other methods of 3D printing
(Ref 28).

4. Conclusions

In this study, the optimal ratio and parameters were
determined through continuous testing and the 8YSZ ceramic
parts were successfully printed. The printed parts achieved a

Journal of Materials Engineering and Performance
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Fig. 9 (a, b) is 0.8 mm printing sintered body SEM diagram; (c, d) is 0.6 mm printing sintered body SEM images

Vickers hardness of 1510 HV and a maximum bending strength
of 261.9 MPa.

(1) Tt determined two proportional compositions of adhesive
corresponding to nozzles with diameters of 0.6 and
0.8 mm for printing. By adjusting the proportion of the
binder, we obtained a feed that allowed stable printing.

(2) It determined the parameters of material extrusion for
3D printing of 8YSZ ceramic parts. This allowed us to
print uniform and stable parts by using nozzles of differ-
ent diameters, while ensuring precise control of the flow
of the extrudate and dense bonding between layers of
the printed part.

Fig. 10. 8YSZ sintered body for bending test

Table 1 Mechanical properties of two different nozzle prints

Flexural modulus, MPa Bending strength, MPa Width, mm Thickness, mm
0.8 mm 17584.77 114.4 7.68 2.13
0.6 mm 73958.95 261.9 7.77 2.1
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(3) It determines the degreasing and sintering process of
8YSZ ceramic parts for 3D printing. The flexural
strength of the sintered body obtained using a nozzle
with a diameter of 0.6 mm was approximately 261.9
MPa.
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