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Porous ceramics, as a new type of lightweight ceramic materials, have attracted much attention in recent decades
due to their low thermal conductivity and high surface area, which are crucial for applications in aerospace and
biomedicine. In this work, we report a novel approach for the one-step additive manufacturing of melt-growth
Al303-ZrO5-SiCp porous ceramics using laser directed energy deposition (LDED). The fracture surfaces of as-

fabricated specimens show obvious porous structures when SiCp content exceeds 50 wt%. The porosity and
compressive strength of Aly03-ZrO2-70 wt% SiCp (AZS70) specimens can reach 48 + 4 % and 95 + 5 MPa,
respectively. In addition, the compressive strength of AZS70 is found to increase by a factor of 2-3 compared to
the case of oxide porous ceramics with similar porosity prepared by other additive manufacturing technologies.
Our approach may provide a valid option for achieving porous ceramics with excellent mechanical properties.

1. Introduction

Porous ceramics, recognized as a promising lightweight and high-
performance ceramic material, have been widely desirable for wide-
spread applications in aerospace, environmental -catalysis, and
biomedicine owing to their outstanding low thermal conductivity, good
chemical stability, and significant noise reduction capabilities [1-6]. On
the one hand, porous ceramics with porosity similar to that of human
bone can be used as scaffolds in bio-bone implants, which is conducive
to the accelerated healing of skeletal injuries. On the other hand, the
porous structures offer excellent adsorption capacity for automobile
exhaust treatment, significantly reducing environmental damage.
Combining the superior mechanical properties of Aly03-ZrO, eutectic
ceramics (including hardness, fracture toughness, and high-temperature
stability) with the exceptional oxidation and corrosion resistance of
SiCp, melt-growth Al;03-ZrO»-SiCp porous ceramics are expected to be
widely used in complex service environments.

Conventional methods for fabricating porous ceramics, such as direct
foaming [7], freeze casting [8], and gel casting [9], require preparing
porous ceramic green bodies before sintering. Additionally, most of
these methods are limited by equipment and fabrication principles,
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making it difficult to manufacture porous ceramics with arbitrary ge-
ometries. Recently, researchers have begun to pay attention to using
additive manufacturing, such as stereolithography (SLA) [10] and direct
ink writing (DIW) [11], for porous ceramics. Additive manufacturing
not only enables the preparation of porous ceramics with complex
shapes but also allows for the on-demand design of pore size and
porosity to meet the requirements of practical applications. However,
additive manufacturing currently in use still needs supplementary steps
like sintering for final components. These steps could lead to deforma-
tion and cracking, potentially resulting in component failure.

LDED is an additive manufacturing technology that utilizes a laser
beam to melt material and fabricate components layer by layer.
Compared to conventional preparation methods, LDED does not require
subsequent sintering, enabling the one-step fabrication of ceramic
components. In recent years, LDED has been increasingly applied in the
research of melt-growth ceramics [12-17]. In this work, we utilize LDED
to fabricate Aly03-ZrO»-SiCp composite porous ceramics for the first
time, which provided a valid option for achieving porous ceramics with
excellent mechanical properties.
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2. Material and methods

The main equipment of the LDED system is shown in Fig. 1. The
experiment utilized spherical Al,O3 powder (Ya’an Bestry Performance
Materials Corporation) and ZrO, powder (Beijing Sunspraying New
Materials Co., Ltd.) with a purity of over 99 %, which were blended and
mechanically agitated with the proportion of 63 mol.% Al,03-37 mol.%
ZrO, (eutectic proportion). Subsequently, SiCp powder was added to the
Al;,03-ZrO; eutectic powder in proportions of 30 wt% (AZS30), 50 wt%
(AZS50), and 70 wt% (AZS70), respectively. The blended powder was
then dried at 120 °C for more than 4 hours to remove moisture. The
optimized deposition parameters were as follows: laser power of 300 W,
scanning speed of 400 mm/min, layer thickness of 0.4 mm, and beam
diameter of 2 mm. In the LDED experiments, cylindrical specimens with
dimensions ¢5 mm x 16 mm were shaped on an Al,O3 substrate under
the argon atmosphere. The field emission scanning electron microscope
(JSM-7900) was used to characterize the fracture surfaces and micro-
structure of the specimens. The porosity of specimens with different
SiCp ratios, three in a set, was observed using a three-dimensional X-ray
microscope (ZEISS Xradia 610 Versa). Compression tests on the as-
fabricated specimens with different SiCp ratios were performed using
a universal mechanical testing machine (WDW-20E). The values of
compressive strength were determined by the average of five tests. To
calculate the elastic modulus of the ceramic materials from the
compression tests, the stress-strain curves were analyzed. The initial
linear portion of the stress-strain curve, representing the elastic defor-
mation region, was identified, and linear regression analysis was per-
formed on this region. The slope of the resulting linear fit corresponds to
the elastic modulus (E) of the material.

3. Results and discussion
3.1. Macroscopic morphology and fracture surface

Fig. 2 presents the typical macroscopic morphology and fracture
surface of the as-fabricated specimens with varying SiCp contents. The
AZS ceramics appear grey-black, while the presence of white material on
the surface is the Aly03-ZrO, eutectic powder adhered during the so-
lidification. The surface of AZS30 is dense and free of porosity, exhib-
iting a uniformly dense microstructure on the fracture surface. As the
SiCp content increases, tiny pores appear on the surface of AZS50, and
pores are also evident on the fracture surface. For AZS70, there is a
substantial increase in the number of surface pores, and the fracture
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surface exhibits a loose and porous structure.

3.2. Pore characteristics

Fig. 3(a) shows the XRT image of the AZS porous ceramic specimen,
where different colors represent distinct pores. With the increase in SiCp
content, there is a significant increase in the porosity of the specimens,
as shown in Fig. 3(b), rising from AZS30 at 0.2 £ 0.1 % to AZS70 at 48 +
4 %. Statistical analysis using independent sample t-tests revealed sig-
nificant differences between all pairs: AZS30 vs AZS50 (p-value =
0.0043), AZS30 vs AZS70 (p-value = 0.0031), and AZS50 vs AZS70 (p-
value = 0.0065). Fig. 3(c) shows the distribution of the pores on the
fracture surface, where most pores are unfused and surrounded by SiCp
(Fig. 3(d)). SiCp is present as unmelted particles in the as-fabricated
specimens [16]. With a higher proportion of SiCp, the quantity of
Aly03-ZrO, eutectic powder available for melting and forming the melt
pool diminishes, leading to the deterioration of the flowability of the
melt pool. Furthermore, the dense distribution of SiCp particles in the
melt pool hinders the connectivity of the AlpO3-ZrO, melt. As a result,
the melt fails to fill the gaps between SiCp before solidifying, resulting in
the formation of unfused pores [17].

3.3. Compressive strength

Fig. 4(a) indicates the relationship between the compressive strength
of specimens and the different SiCp content. As the SiCp content in-
creases, the compressive strength decreases from 414 + 22 MPa for
AZS30 to 95 + 5 MPa for AZS70, a decline of approximately 77 %. The
statistical significance of the differences in compressive strength be-
tween the groups was confirmed with p-values well below the 0.05
threshold: AZS30 vs AZS50 (p = 3.405e '), AZS30 vs AZS70 (p =
1.141e12), and AZS50 vs AZS70 (p = 2.002e~°). Similarly, the elastic
modulus decreases significantly with increasing SiCp content, dropping
from 23 + 3 GPa for AZS30 to 4 + 1 GPa for AZS70. The strength-
porosity relations given by Ryskewitsch’s empirical formula [17] are
expressed as:

6. = 6oexp(—nQ) (€8]

Where o, is the compressive strength, Q is the porosity of the specimen, n
is a constant, and oy is the compressive strength at Q=0. During the
compression tests, the applied load causes stress concentration at the
pores within the specimen, leading to specimen failure. Consequently,
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Fig. 1. LDED system.
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Fig. 3. Characteristics of pores: (a) XRT image; (b) Relationship between porosity and SiCp content; (c) Pores distribution on the fracture surface; (d) Unfused pores.

the compressive strength of the specimen significantly decreases as the
porosity increases. The SEM image (Fig. 4(c)) shows the fracture surface
of the as-fabricated specimen after compression testing. Many cleavage
steps can be seen on the fracture surface, composed of SiCp (Fig. 4(d)). In

this case, the dense distribution of SiCp results in a higher energy
requirement for the as-fabricated specimen to fracture, which de-
termines the fracture load and hence the strength. When compared with
oxide porous ceramics prepared by other additive manufacturing
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Fig. 4. Compressive strength of porous ceramics: (a) Relationship between compressive strength and SiCp content; (b) Comparison of the compressive strength of
AZS70 with oxide ceramics prepared by other additive manufacturing techniques (Mullite—SLS [18], Al;03—DIW [19-21], TiO,—DLP [22], SIOC—SLA [23,24]);
(c) Fracture surface of specimens after compression testing; (d) EDS analysis of cleavage step.

techniques (Fig. 4(b)) [18-25], it is notable that the compressive
strength of AZS70 fabricated by LDED in this study is found to increase
by a factor of 2-3 at similar porosity levels.

4. Conclusion

In summary, Aly03-ZrO»-SiCp composite porous ceramics were suc-
cessfully prepared by LDED for the first time, introducing a novel
method for porous ceramics fabrication. The pores in the as-fabricated
specimens are primarily unfused pores formed when the melt fails to
fill gaps during solidification. The porosity increases from 0.2 + 0.1 % to
48 + 4 %, and the compressive strength decreases from 414 + 22 MPa
to 95 + 5 MPa, as the content of SiCp increases from 30 wt% to 70 wt%.
Although the porosity of AZS70, prepared by LDED, is comparatively
lower than that of oxide porous ceramics fabricated through other ad-
ditive manufacturing techniques, the compressive strength of AZS70 is
found to increase by a factor of 2-3 at equivalent porosity levels.
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