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Abstract: This article reports the first example of 3D printed continuous SiO, fiber reinforced
wave-transparent ceramic composites via an adaptation of direct ink writing technology to improve
the mechanical and dielectric properties of ceramics. The ceramic inks showed good printability by
adding nano-SiO, powder. The effective continuous fiber-reinforced printing progress was achieved
through the design and optimization of the coaxial needle structures by finite element simulation.
After printing, the continuous fibers were evenly and continuously distributed in the matrix ceramics
and the high molding precision for fiber reinforced composite was kept. It is demonstrated that
10 vol% continuous SiO, fiber improved the bending strength of ceramics by about 27% better than
that of the ceramics without fiber and the dielectric performance has also been greatly improved. The
novel method unravels the potential of direct ink writing of continuous fiber reinforced wave-transparent
ceramics with complex structures and improved properties.

Keywords: 3D printing; continuous fiber reinforced; rheology; dielectric properties

1 Introduction

Phosphate is a kind of low dielectric constant ceramics
applied to high-temperature structural and wave-
transparent applications in aerospace and other fields,
owing to its impressive properties such as mechanical
strength, thermal stability at high temperature, and low
cost [1-3]. However, the applicability of phosphates
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was limited on account of their low toughness and the
inefficiency of molding [4-6]. Fiber reinforcement,
including short fiber and continuous fiber reinforcement,
is a toughening method commonly used for ceramic
materials. With a better effect, long fiber reinforcement
is considered to be the most ideal toughening method
for ceramic materials. A traditional process for preparing
continuous fiber reinforced ceramics is maceration
[7-9], which may do harm to fibers due to the acidity
of the phosphate solution, and is not conducive to the
formation of complex structures. 3D printing can
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theoretically be used for rapid prototyping of complex
structures by layer-by-layer stacking of materials
[10-13] with almost no mechanical processing after
molding, thereby simplifying the production process
and shortening the production cycle.

3D printing technology of ceramics mainly includes
powder bed techniques [14,15], laser selective sintering
[16,17], selective laser melting [18,19], direct ink writing
(DIW) [20-22], ink-jet printing [23-26], stereolithography
[27,28], and the like. Fiber-reinforced 3D printing
technology is a good choice for ceramic materials with
limited material toughness and complex structural
forming requirements, but the application of 3D printing
in continuous fiber-reinforced ceramics is limited. Except
for 3D printed short fiber reinforced ceramics [29], most
of the continuous fiber reinforced materials reported so
far were prepared by fused deposition modeling (FDM)
[30-33], in which the raw materials were almost all
polymer materials and carbon fibers. Stepashkin et al.
[34], for instance, have reported a novel FDM
methodology for manufacturing CF-PEEK composites
using a customized printer. However, such a hot-melt
extrusion technique method can only be employed on
thermoplastic materials that will fail at high temperature.
Besides, although carbon fiber has good mechanical
properties, it is not suitable for a reinforcement of
wave-transparent materials. There is still lack of an
effective and convenient technology for the integrated
manufacturing of continuous fiber reinforced materials,
especially for the wave-transparent ceramic materials.
Comparing to FDM, the DIW technology has the
advantages of low cost, high molding efficiency, and
wide range of applications. However, DIW technology
is only applied to short-cut fiber reinforced composites
currently [29,35]. Considering the application of DIW
technology, controlling of rheological properties of
ceramic ink is the most critical issue. As reported by
Lewis, who took the lead in successfully printing complex
three-dimensional ceramic structures using water-based
colloidal slurry [36], the rheological properties of the
inks were depended on the interparticle forces. When it
comes to the continuous fiber reinforced phosphate
composites, the rheology properties of phosphate inks
are the primary problem to be studied. Compton and
Lewis [37] achieved the formation of high aspect ratio
fiber oriented reinforced composites by extrusion 3D
printing technology. During the experiment, an
epoxy-based ink was prepared using Epon 826 epoxy
phosphate, nano-clay tablets, and dimethyl methyl

phosphate. Besides, for extrusion 3D printing, the
structure of the nozzle is the other key issue for the
preparation of continuous fiber reinforced ceramics,
and corresponding attempts [38,39] have been made in
response to this problem. Apart from the difficulties
mentioned before, the lack of an effective DIW based
3D printing technology for the integrated manufacturing
of continuous fiber reinforced ceramic materials is one
of the greatest obstacles that restricts the development
of ceramic performance. Thus there have been almost
no reports on the applications of DIW on continuous
fiber reinforced ceramic at home and abroad so far,
especially wave-transparent ceramic materials.

Here we propose a DIW based 3D printing method
for the integrated manufacturing of continuous fiber
reinforced wave-transparent ceramics by using the
viscosity and friction of the inks as the power source of
the continuous fiber extrusion for the first time. For
purpose of ensuring the smooth and continuous extrusion
of the fiber, the structural design of the coaxial needle
and the rheological property regulation of the ink have
become the core issues of this work. In the case of
continuous SiO; fiber being used as the enhanced phase,
and SiOy/phosphate material as matrix material, through
the design of the nozzle, together with the finite element
simulation of flow fields internal, the integrated molding
of the continuous SiO, fiber reinforced SiO,/phosphate
composites are achieved finally.

2 Experimental details

2.1 Materials and preparation of ceramic inks

The raw material J-303 was offered by Institute of
Petrochemistry Heilongjiang Academy of Science, which
was actually a kind of phosphate adhesive. Nano-SiO,
powder (99% purity, Xianfeng Nano Technology Co.
Ltd., Nanjing, China) was employed as a rheology
modifier in the ceramic inks used for DIW method in
this study. Table 1 lists the initial compositions for the
synthesis of wave-transparent ceramic inks. Phosphate
was firstly mixed with nano-SiO, powder, and a
mechanical mixing progress was employed at 1000 r/min
for 20 min to uniformly disperse nano-SiO, powder in
phosphate. Then ceramic inks with a stabilized rheological
property could be prepared in this way. The obtained
ceramic inks will be molded together with 10 vol%
continuous SiO, fibers (diameter of a single fiber is
about 6.5 um, Feilihua Quartz Glass Co., Ltd., Hubei,
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Table 1 Composition of wave-transparent ceramic inks
(Unit: wt%)

Sample Phosphate inks Nano-SiO, powder
1 96.32 3.68
2 94.95 5.05
3 92.49 7.51
4 90.36 9.64
5 88.24 11.76

China) by direct ink writing 3D printing technology.

2.2 3D printing

The schematic diagram of continuous fiber reinforced
3D printing process was shown in Fig. 1. 3D printing
progress was carried out by a modified commercial 3D
printer (Ultimaker extend 2+) at room temperature.
Before printing, the continuous fiber was passed through
the fiber channel and ceramic inks were loaded into a
dispensing syringe which was connected with a dispensing
machine (Nordson EFD) and an air pump. For the
integrated molding of the continuous fiber and ceramic
inks, a coaxial needle structure was designed and
fabricated. When 3D printing was performed, the inks
were extruded into the printing needle and the fibers
were wrapped in the inks and finally formed as a core
shell structure as shown in Fig. 1. To verify the feasibility
of this particular design, a process of finite element
simulation was carried out. Before the simulation, a
three-dimensional model of the coaxial needle was
established by AutoCAD according to the preset
parameter conditions. Then the built 3D model was
meshed using a free tetrahedral mesh and imported
into COMSOL to analyze the distribution of the flow

velocity and shear rate of the ink. The finite element
parameters were as follows: density was 1200 kg/m’;
dynamic viscosity was determined to be 10,000 Pa-s;
given external pressure was loaded on the entrance of
printing needle was 0.1 MPa.

2.3 Characterization

To cater to the performance of the 3D printer, the
rheological properties of the SiO,/phosphate inks, which
had a direct impact on the accuracy of 3D printing,
were characterized by Discovery Hybrid Rheometer
HR-1 (TA Instruments) at room temperature with an 80
mm flat plate geometry and a gap of 2000 pm. The
stress sweep tested from 3 to 3x10* Pa at a constant
frequency of 1 Hz was conducted to record the storage
modulus and loss modulus variations as a function of
sweep stress. And the flow sweeps tested from 107 to
10" s were performed to record the apparent viscosity
as a function of shear rates.

The 3D printed green body was dried at room
temperature for 24 h and then cured at 180 ‘C for 12 h
with a heating rate of 5 °C/min. The microstructure of
samples was observed by scanning electron microscopy
(SEM) after gold sputtering. The apparent porosity (r)
at ambient temperature was measured by the Vacuum
method. The formula for the apparent density is

=257 100% ()

my — i,
where m; is the dry weight of sample in air (g), m, is
the float weight of sample in distilled water (g), and m;
is the wet weight of the sample, which is taken out of
the distilled water (g). The samples above were weighed

Fig. 1 Schematic illustration of 3D printing continuous fiber reinforced ceramics process.
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using TG328A photoelectric analysis balance. Each
sample is measured at least three times to average.

The bending strength (oy) was determined on an
Instron-5569 electronic universal testing machine with
a loading rate of 0.5 mm/min by the three-point bending
method at room temperature, and each sample was
measured at least three times. To satisfy the requirements
of the bending test, samples with a dimension of
3 mm x 4 mm x 25 mm were printed. Before the test,
the pressure-receiving surface of the sample and its
opposite surface were sanded to parallel. The formula
of bending strength is
_ 3PL

2BW?
where P is the maximum load before the sample
fractures (N); L is the span of the test, which is 16 mm;
B is the width of the sample (mm) and W is the height
(mm). The dielectric properties at room temperature
are characterized by dielectric constant and dielectric
loss. American N2230A dielectric property testers were
used to test at 820 Hz. The contents of nano-SiO,
powder are used to study the effect on dielectric
properties of materials.

oy @

3 Results and discussion

3.1 Finite element simulation of coaxial needle

Compared with the carbon fiber commonly used in
fiber-reinforced 3D printing [40], SiO, fiber is not
strong enough to withstand the mechanical power.
Therefore, a coaxial needle structure was designed
(Fig. 1) to extrude the continuous fiber together with
ceramic inks without additional power source. During
the printing progress, the friction between ceramic inks
and fibers was used as the continuous fiber extrusion
power, so that the continuous fibers could be integrally
formed and dragged by inks in the extrusion process.
In this coaxial needle structure, the geometry structure
and dimension have a significantly influence on the
feasibility and stability of the printing progress. In
order to optimize the geometry of the coaxial needle, a
three-dimensional fluid-mechanics model was built by
finite element simulation. The effects of the diameter
of printing needle and the intersection position of
printing needle and fiber channel on the continuous
extrusion process of the fiber were studied by setting
different parameters respectively. Through the distribution

of the velocity and shearing rate of the printing inks,
the printing fluency and the shear force that the
continuous fiber born can be qualitatively evaluated.
The global flow dynamics of a given needle geometry
could be assessed effectively as well.

Figure 2 shows the simulation results of the internal
fluid of coaxial needle. It can be observed that in the
upper of the needle, where the given extrusion pressure
is uniform and stable, the fluid flow velocity and shear
rate show a regular increase. As the ceramic inks being
pushed to the intersection of the printing needle and
the fiber channel, it can be clearly seen that both the
shear rate and velocity increase along the axial direction
of the needle. What is more, at the outlet of the coaxial
needle, the flow velocity and shear rate are the largest.
Under this circumstance, ceramic inks can completely
cover the continuous fiber and provide sufficient strength
to bring it out. It can be obtained from Fig. 2(a) and
Fig. 2(c) that the flow velocity and shear rate increase
with the printing needle diameter increasing. Apparently,
the larger the diameter of the printing needle, the
smoother the continuous fiber extrusion during 3D
printing. Considering the molding precision influence
brought by the needle diameter, the diameter of 1.2 mm
is selected as the printing needle while the external
diameter of fiber channel is 0.51 mm. Similar conclusions
can be drawn from Figs. 2(b) and 2(d) that the lower
the intersection position of the printing needle and
fiber channel, the easier the continuous fiber could be
driven. Considering the operability of the experiment,
the height of exit position is set to 5 mm, which is the
minimum height that can be reached in this work.

Based on the above simulation results, the geometric
characteristics of the coaxial needle have a direct
influence on the 3D printing process of the continuous
fiber reinforced ceramic. As a result, the feasibility of
fabricating continuous fiber reinforced ceramic materials
through DIW technology combined with the coaxial
needle is demonstrated and optimized by the finite
element simulation results above.

3.2 Rheological properties of ceramic inks

To obtain 3D printed continuous fiber reinforced ceramics,
printable ceramic inks should be prepared firstly. As
mentioned before, the rheological properties of ceramic
inks showed a critical impact on the molding accuracy
during DIW 3D printing. The ability for a given ceramic
ink formulation to be printable using a DIW process
was in a large part depended on the static and flow
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Fig. 2 Simulation results of the internal fluid of coaxial needle: (a, c) different diameters of the printing needle, (b, d) different

intersection position of the printing needle and fiber channel.

rheology of the formulation. The rheological properties
of the SiO,/phosphate inks were analyzed using the
rheometer. The increases in “static” viscosity (as shear
rate—0) can be observed with the nano-SiO, powder
adding as shown in Fig. 3(a). The nano-SiO, powder
with a small particle size of 20 nm has a large specific
surface area (140.21 mz/g) and high surface energy,
which make the particles unstable and tend to
agglomeration. Meanwhile, increasing of nano-SiO,
powder contents shortens the distance between these
nanoparticles. According to the theory of colloidal science,
the stability of colloid is closely related to the particle
spacing—it will significantly reduce when the particles
get closer to each other. Hence, increasing of nano-SiO,
powder makes it much more easily for the nanoparticles
to agglomerate. The aggregates of nano-SiO, would
absorb more free water [41], so that the viscosity of
ceramic inks increased with increasing nano-SiO, powder
contents. Besides, it can be seen from Fig. 3(a) that the
viscosity shows little change with the rise of shear rates
when the content of nano-SiO, powder is 0, which

indicates that the phosphate inks without nano-SiO,
powders exhibit a characteristic of Newtonian fluid.
Viscosity of the other inks decreased with the increase
of shear rate, which is commonly called “shear thinning”,
showing a characteristic of non-Newtonian fluid. It can
be speculated that the addition of nano-SiO, converts
the original Newtonian fluid that is unsuitable for 3D
printing into a non-Newtonian fluid. To verify this
conjecture, the experimental data is compared with
power-law fluid and Carreau fluid model, which is
classical non-Newtonian fluid models, as shown in Fig.
3(c), manifesting that the SiO,/phosphate composite
system conforms to the classical Carreau fluid model
as shown in Eq. (3) [27].

1= oy + (g — )1+ A2 D2 3)

where g, is the viscosity of the fluid when the shear
rate is infinite, determined to be 8000 Pa-s; y, refers to
the viscosity of the fluid when the shear rate is 0; y is a
shear rate and the constants A, n were determined to be
42, 0.1, respectively.
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Fig. 3 Rheology properties of SiO,/phosphate inks: (a) viscosity as a function of shear rate, (b) shear modulus as a function of
shear stress, (c) comparison of experimental data and theoretical models.

Figure 3(b) shows that the loss modulus of the
SiO,/phosphate inks is bigger than the storage modulus
at high shear stress. With the decreasing of the shear
stress, both the storage modulus and the loss modulus
increase, and the two modulus curves get an intersect
point. After the intersection, the loss modulus is less
than the storage modulus. The change in modulus meets
the requirements of DIW 3D printing technology. In
detail, the ceramic ink can be extruded from the printing
nozzle in a liquid state under the pressure given by the
3D printing device and it is also able to form and
maintain the printed structure in a solid state.

As stated previously, the addition of nano-SiO,
powder showed a great improvement to the rheological
properties of the phosphate inks. The comparatively
high static viscosity supported the observation that the
fluid rapidly relaxed at the point of extrusion and
physically solidified on removal of the shearing force.
And we have demonstrated that it is possible to print
self-supporting structures by embellishing phosphate
inks with nano-SiO, powder (Fig. 4). Significantly, it
has been experimentally observed that if a phosphate
ink without nano-SiO, powder was used for 3D printing
with continuous fibers, the resulting system would not
be extruded from the DIW nozzle under pressure. The
inks and fibers will in fact phase separate, with the ink
flowed through the static fiber phase in the nozzle
assembly. It was observed that the higher viscosity
nano-SiO, modified phosphate included significantly
increased drag forces between the fiber and the ink and
allowed the fiber phase to be effectively “carried” as a
continuous component of the fluid matrix.

3.3 3D printing of continuous fibers into ceramics

Through the design of coaxial needle and the regulation
of the rheological properties of the SiO,/phosphate ink,
physical images of several complex structures are prepared

()

[ .

Fig. 4 Photos of 3D printed fiber-free samples. Physical
photos: (a) honeycomb model, (b) three-dimensional
model, (c) cylinder model. SEM images: (d) fracture
surface, (e) lap point, (f) layers.

by DIW 3D printing, as shown in Fig. 4. It is observed
that complex ceramic structures like honeycomb and
three-dimensional vertical and horizontal structures are
all high-precision molded. The morphology of 3D printed
samples is analyzed using SEM as shown in Figs. 4(d),
4(e), and 4(f), which presents the micromorphology
inside the matrix wave-transparent ceramics and the
microstructure of 3D printed structures at lap point and
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between layers, respectively. These complex structures
have high modeling accuracy and can keep stable after
3D printing. Typical bulk structure and SEM images
for continuous SiO, fiber reinforced SiO,/phosphate
composite printed using the coaxial needle structure are
shown in Fig. 5. Comparing fiber-reinforced samples
with fiber-free samples, it can be seen that the
microstructure of the matrix wave-transparent ceramic
materials does not change significantly, showing that
the introduction of fibers has little effect on the curing
of the ceramics. It can be observed from Figs. 5(b) and
5(c) that the fibers, distributing continuously and evenly,
are wrapped in the ceramics, and the interface between
the two is tightly combined. The dents left in the matrix
ceramic after the fiber being pulled out can be clearly
observed in Fig. 5(d), which is consistent with the fiber
diameter. It can be inferred that through the coaxial
needle designed in this work, combined with the
regulation of ceramic inks, 3D printing of continuous
fiber reinforced ceramics has been successfully realized,
and the fibers are well dispersed in the matrix.

A comparison of the mechanical and dielectric
properties between fiber-reinforced and fiber-free 3D
printing samples is given in Fig. 6. Apparent porosity

30 I fiber-free samples
B fiber-reinforced samples
24.88 2436

23.06 228

21.92
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w
wn
T

Permittivity
(3] (9]
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of the samples is all above 20% as shown in Fig. 6(a),
which can be attributed to the pores generated during
the curing process of ceramics at 180 °C. The addition
of continuous fibers reduces the apparent porosity of
composites to a certain extent, indicating that continuous

10 pm

Fig. 5 Photos of 3D printed fiber-reinforced samples: (a)
bulk of continuous SiO, fiber reinforced SiO,/phosphate
composite, (b—d) SEM images.
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Fig. 6 Comparison of properties of samples with and without fiber reinforcement: (a) apparent porosity, (b) bending strength,

(c) dielectric constant, (d) loss tangent.
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fibers are well combined with ceramics. Correspondingly,
samples with less pores exhibit a higher bending
strength, as shown in Fig. 6(b), which implies that the
mechanical response of the printed samples is relative
to their apparent porosities. Comparing the two samples
with a nano-SiO, powder content of 3.86 wt%, the
apparent porosity of the fiber-reinforced sample is
24.36% while the fiber-free sample is 24.48%. The
corresponding improvement in bending strength is
approximately 27%, from 14.15+1.3 to 11.2+1.1 MPa,
which indicates that except for apparent porosity,
continuous fibers are the main reason for the

improvement in the bending strength of the composites.

In general, continuous fiber-reinforced 3D printing is
proved to be effective in improving the mechanical
properties of wave-transparent ceramics in this work.
The continuous SiO, fibers and matrix ceramics are
well bonded in the prepared samples, and it is
demonstrated that 10 vol% continuous SiO, fibers
improved the bending strength of ceramics by about
27% better than that of the ceramics without fiber.
Although it is not a prominent improvement in
mechanical properties compared with traditionally
manufactured continuous SiO; fiber reinforced ceramics
[42], DIW based 3D printing technology is still a
promising way for the integrated manufacturing of
continuous fiber reinforced ceramic materials with
complex structures.

The continuous SiO, fiber and nano-SiO, powder
added into matrix ceramics also bring obvious
improvement on the dielectric properties to the
composites due to their good dielectric performance. It
can be seen from Figs. 6(c) and 6(d) that the dielectric
properties are improved with the nano-SiO, powder
adding, and when the content of nano-SiO, powder is
11.76 wt% and continuous SiO, fiber is 10 vol%, the
dielectric constant of the continuous SiO, fiber reinforced
SiO,/phosphate composite material is 1.2, which is
43.4% lower than that of the matrix material. The loss
tangent is 1.5x102, which is 70% lower than the
matrix. And it is worth mentioning that the dielectric
constant of the obtained composites (1.2-2.3) is much
lower than that prepared in the traditional way [43—45].
In addition to SiO, fiber and powder, the apparent
porosity of the composite prepared in this work is
relatively higher (more than 20%), and the dielectric
constant of the air is 1. Thus the obtained composites
showed better dielectric properties. Based on the above
analysis, it can be entailed that continuous fiber

reinforced wave-transparent ceramics can be well
prepared through DIW 3D printing technology, and the
continuous Si0O, fiber can contribute to the performance
of wave-transparent ceramics both in mechanical and
dielectric properties.

4 Conclusions

In this work, continuous SiO, fiber reinforced
SiO,/phosphate composite was successfully fabricated
by DIW technology and studied in terms of mechanical
and dielectric properties. To realize the integrate molding
of continuous fibers and wave-transparent ceramics,
the rheological properties of the inks were regulated and
the finite element simulation was performed to adjust the
geometry of the coaxial needle. By mixing nano-SiO,
powder with phosphates, the wave-transparent ceramic
inks exhibit good rheological properties and printability
for commercial DIW printers. The homogeneous-dispersed
continuous fiber reinforced ceramic structures were
obtained with improved dielectric properties and
enhanced mechanical properties using DIW technology.
The continuous SiO, fibers improved the bending
strength of matrix ceramics by 27% with the 10 vol%
content of continuous fiber. And when the content of
nano-SiO, powder was 11.76 wt% and the continuous
fiber was 10 vol%, the dielectric constant of the
composite was 1.2 and dielectric loss tangent was
1.5><1072, which was 43.4% and 70% lower than the
matrix itself, respectively. The novel method unravels
the potential of DIW 3D printing technology for
continuous fiber reinforced ceramics with complex
structures and improved strength.
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