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Porous Ceramics Based on Slurry-based Addictive Manufacturing Technique- A Short Review

ZHANG Xiaoyan, YANG Junjie, LI Wenhao
(Institute for Advanced Materials and Technology, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: Porous ceramics are widely applied in catalysts supports, liquid/ gas filters, biological scaffolds, thermal isolation and
lightweight structural materials due to their low bulk density, high specific surface area, low thermal conductivity, excellent
high-temperature resistance as well as corrosion resistance. Hierarchically porous ceramics integrating superiorities of various pore
structures have multifunctionalities benefited from pores at different length scales and become the development mainstream of porous
ceramics. However, there are still some challenges in the fabrication of hierarchically porous ceramics. Unlike conventional methods
that require specific molds and fabricate products with a low forming accuracy, adding raw materials layer by layer with the assistance
of additive manufacturing technique can fabricate high-precision products with various complex shapes. The forms of materials
before printing include powder, bulk solid, wire and slurry. Compared to powder-based, bulk-based and wire-based additive
manufacturing techniques, slurry-based additive manufacturing technique has some advantages of both additive manufacturing
technique and colloidal forming method, favoring homogeneously mixing of multi-components, and realizing the fabrication of
hierarchically porous ceramics with complex shape and fine microstructure by introducing pores in submicron- or nano-scale via other
approaches for porous ceramics. This review represented five types of slurry-based additive manufacturing techniques i.e.,
stereolithography apparatus, digital light processing, two-photon polymerization, inkjet printing and direct ink writing. Also,
hierarchically porous ceramics fabricated by slurry-based additive manufacturing technique with the existing methods for porous
ceramics were analyzed. In addition, representative application and future development of the obtained hierarchically porous ceramics
based on the slurry-based additive manufacturing technique were also outlined.
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Table 1 Processing parameters of porous ceramics prepared by stereolithography technique
Slurry composition
Technology Materials n/(Pa-s) A/nm Reference
CP Monomer or resin Pls

25%(volume fraction) (A,O3) TMPTA+HDDA BP SL Al 05 4@45s”" [22]
42%(volume fraction) (ZrO5) HDDA TPO DLP 710, 3.01@30s™" 405 [23]
45%(volume fraction) (ALO3) HDDA+HEA+TMPTA TPO SL ALO; 2@30s™ 405 [24]
10%(volume fraction)(SisNy) EA+HDDA 819+184 SL SisN, 0.25@10s™! 405 [25]
60%(mass fraction)(HA) UVR-6105 UVI-6976  SL HA <3@100s”! [30]
ZrO,+Al,03 Di-TMPTA+HDDA 184 SL ZTA [31]

) ) 455-4
Polysiloxane+ Al,O53 Acrylates 819 DLP Mullite 65 [38]
CaO0+MgO+Si0, TGD DLP Glass 365 [39]
Zirconium n-propoxide TMPTA TPO DLP ZrOC 0.007@400s™" [40]
65%(mass fraction)

AM+MBAM BA740 TPP ATZ 780 [36]
(Zr02+A1203)
Chitosan PEGDA 2959 TPP Chitosan 520 [44]

PIs are photo initiators; CP is ceramic powder; SL is stereolithography; DLP is digital light process; TPP is two-photon photopolymerization; # is viscosity; 4 is

laser wavelength; BP is benzophenone; TPO is diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide; HDDA isl,6-Hexanediol diacrylate; TMPTA is

trimethylolpropane triacrylate; HEA is hydroxyethyl acrylate, EA is epoxy acrylate; 819 is phenylphosphine oxide; 184 is1-Hydroxycyclohexyl phenyl ketone;

AM is acrylamide; MBAM is N,N'-methylene bisacrylamide; HA is hydroxyapatite; UVR-6105 is 3,4-Epoxycyclohexylmethyl-3,4-epoxycyclohexane

carboxylate; UVI-6976 is 4-Thiophenyl phenyl diphenyl sulfonium hexafluoroantimonate; Di-TMPTA is di-trimethylopropane tetraacrylate; ZTA is zirconia

toughened alumina; TGD is tripropylene glycol diacrylate; ATZ is alumina toughened zirconia; BA740 is 2,5-Bis [4-[N,N-Bis-[2-(Acetyloxy)Ethyl]Phenyl]-

Methylene]-(2E,5E)-Cyclopentanone; PEGDA is polyethylene glycol diacrylate; 2959 is 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone.
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Table 2 Performance comparison of hierarchically porous ceramics prepared by slurry-based additive manufacturing technique

Pore size
Material Technology Pl% CS/MPa Reference
F/mm S/um T/nm
PMMA+70%(volume fraction) (SILRES® MK) DIW+PFA 0.1-1.0 5-50 100-200 74.9 8.19 [58]
PMMA+55%(volume fraction) (HA) DIW+PFA 0.36 1.24-9.38 46 [59]
30%(volume fraction) (3YSZ+PEGDA) DIW+PFA 0.37 0.1 [60]
CaP+60%(volume fraction) (C-C) DLP+FD 1.0-1.5 1.5-3.0 74.6 32 [64]
HA+Water DIW+FD 1 10 22 [65]
25%(volume fraction) (CF+SiC) SL+CVI+FD >0.1 15-70 53 99 [66]
20%(volume fraction) (HA+B-TCP) SL+FD 0.3 20 200 65-75 1.09 [72]
35%(volume fraction) (Al,O3) DIW+PSF 5 9.7-37.7 82-88 [70]
30%(volume fraction) (Al,05) DIW+PSF 1-3 4-5 100-200 [71]
46%(volume fraction) (AL,O3) DIW+PSE 0.1-0.5 5-20 2000 93 8 [14]
8.7%(mass fraction) (SiO,) DIW+PSE 0.5-1.0 10-50 [15]
50%(mass fraction) (CeO,)+SHS DIW+PSF+PFA  0.5-0.7 35-105 5-65 81-92 5-20 [69]
Al DIW+PSF+ISO  0.5-7.0 10-100 300-2 000 90-95 5.3-14.8 [73]

CS is compressive strength; P is porosity; F is first scale pore; S is second scale pore; T is third scale pore; DIW is direct ink writing; DLP is digital light process;
SL is stereolithography; PFA is pore—forming agent; FD is freeze drying; PSF is particle-stabilized foam; PSE is particle-stabilized emulsion; SILRES® MK is
polymethylsiloxane; PMMA is polymethyl methacrylate; HA is hydroxyapatite; 3YSZ is 3% yttria partially stabilized zirconia; PEGDA is polyethylene glycol

diacrylate; C—C is camphene—camphor mixture; CF is carbon fiber; S-TCP is S-ricalcium phosphate; SHS is silica hollow spheres; ISO is in-situ oxidation.

Cross-
DIW linking N,
0.1-1 mm
1000 'C
MK and PMMA Printed scaffold
microbeads in 5-50 um
isopropanol
Cross-linked scaffold
100-200 mm

Pyrolyzed scaffold
S
B4 294l SioC LA HIE T &P

Fig. 4 Fabrication procedure of hierarchically porous SiOC scaffolds [°
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Fig. 5 Photograph and microstructure of biphasic calcium phosphate scaffolds
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Fig. 6 Photograph of calcium phosphate scaffold!®!
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Fig. 7 Illustrations of the calcium phosphate scaffold prepared by digital light process and freeze-drying method™*!
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Fig. 8 [Illustrations of printing particle-stabilized emulsion through direct ink writing
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Fig. 9(a) Direct ink writing of ceramic porous structure,

Fig.9(b) Printed cubic lattice scaffold, Fig.9(c)
SEM images of Al,O; porous structures obtained
through direct ink writingt"*!
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(c) Open pores on cell wall

(b) CeO,-based ceramic foams sintered at 1 500 C

(d) High-magnification SEM image of cell wall

B 10 FHESH SiO, 2 0BE N CeO, M K& 1500°CHe4E . FLEE FIFFLIN CeO, LMK ¥ SEM IR B0

Fig. 10 SEM images of dried CeO, foams involving silica hollow microspheres and CeO,-based ceramic foams sintered at 1500°C

with open pores on cell walll®”!
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(a) Nanoparticles-assembled cell wall of dried foams

(b) Cell wall of 1 300 C sintered Al,O; foams

(c) Filament-assembled lattice of Al,O; foams

(d) Uniform, spherical pores of Al,03 foams
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Fig. 11 SEM images of 3D printed Al,O5 foams with lattice structuret’"!
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Fig. 12 TIllustration of the process, photograph and microstructure of hierarchically porous Al,O5 ceramics
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