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Research Trends and Challenges of Additive Manufacturing
of Polymer-derived Ceramics

YUAN lJingkun, XIONG Shufeng, CHEN Zhangwei

(Additive Manufacturing Institute, Shenzhen University, Shenzhen 518110, China)

Abstract: As an emerging manufacturing technology, additive manufacturing technology, also known as 3D printing
technology, has received extensive attention in recent years. Additive manufacturing technology has great potential in
the industry of high-performance ceramics. It is expected to break the technical bottle neck of the traditional
manufacturing technologies used for ceramic fabrication and greatly improve the flexibility of design and
manufacturing of high-performance ceramics. This will provide a transformative impetus for the development of the
manufacturing technology of the high-performance ceramic materials. Polymer-derived ceramics (PDCs) are a class of
polymers obtained by chemical methods and can be transformed into ceramics by heat treatments, i.e., pyrolysis. Due
to the good machinability and formability of the PDC materials themselves, the pre-forming of the designed target
structures can be easily realized. These structures might not be possible with traditional ceramic manufacturing.

Therefore, the combination of PDCs and additive manufacturing technology has attracted great attention from
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researchers. This review introduces characteristics of the additive manufacturing technology used for preceramics.

Based on that, the present research status, trends and applications are also systematically described and discussed. The

challenges and future directions of the additive manufacturing of polymer-derived ceramics are given for the guidance

of future development.

Key words: polymer precursor; polymer-derived ceramics; additive manufacturing; 3D printing; high-

performance ceramics; review
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Fig.2 Additive manufacturing of polymer-derived ceramics!™*.

(a) UV-curable preceramic monomers and photoinitiator; (b) SL printing process; (c) As-printed parts;
(d) As-pyrolyzed ceramic; (e) Examples of final parts
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Fig. 3 Schematic diagram (left) of DLP printing process of four different preceramic polymers, and optical microscopic images and
photographs of the printed structures 28]

(a, c, e, g) Optical microscopic images of the printed structures; (b, d, f, h) Photographs of the printed structures before and after pyrolysis
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Fig. 4 SEM images of SiC,,/SiC lattices under different printing height or using suspensions with different solid loading (left)
and schematic illustration of the morphology of extruded filaments with different printing height (right)!'*!
(a-c) Printed with 62.3% solid loading (in vol.); (d-f) Printed with 57.7%, 59.9% and 62.3% solid loadings (in vol.);
(g-1) Enlarged views of the squares in (d-f)
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Fig.5 SEM images of Kelvin cell structures pyrolyzed at 1000 ‘C3*!

(a-c) Kelvin cell structures pyrolyzed at 1000 ‘C on support pillars with increasing height, to reduce shrinkage constraints from

the glass substrate during pyrolysis; (d-f) Magnification of the samples shown in the upper row
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Fig. 6 Pictures and mechanical properties of 3D printing of bimetal-doped precursor

[41]

(a-c) Lattice CAD model, resin and SiOC ceramics; (d-f) SEM images of different curing layer thickness; (g-1) Mechanical properties
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Fig. 7 CAD models and optical images of the samples after printing and pyrolysis (left column), SEM images
of the samples’ skeleton surface after pyrolysis (right two columns, (a-d))[*¥
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Fig. 8 (a-c) Optical images of the SiOC ceramic samples with different proportion of silicone oil additive,
(d-f) closer looks of the corresponding samples in (a-c) %, and (g) CAD models, green and pyrolyzed samples

with the addition of phenolic resin additive
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Fig. 9 Schematic of 3D printing of polymer-derived ceramics inside a support gel (a), illustration of the printing (b), printed samples

(c-e), and pyrolyzed samples (f, g
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Fig. 10 CAD design of the nozzle compared with the final pyrolysed part and SEM images
Left: SEM images and AFM images (Col.1, 2 and 4) of ceramic cubes printed with different parameters, with the measured corresponding mean values
of the linear shrinkage (Col.3) and the average roughness (Col.5). Upper-right: CAD designs of two
different structures and final pyrolysed parts. Lower-right: CAD design of the nozzle compared with the final
ceramic part with their SEM images at 0°(1.a and Il.a) and 60°(1.b and I1.b), and their corresponding X-ray microtomographies from different angles (a-j)
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Fig. 11  Origami and 4D printing of PDCs via DIW-morphing-heat treatment method
(a) 3D printed elastomeric lattices; (b) Optical image of DIW; (c) Origami of ceramic structures; (d, ) Two 4D printing methods
together with heat treatment; (f) Flat and curved cellphone back plate; (g) Top view of flat plate; (h) Curved ceramic
honeycomb; Inset indicates the curvature of the honeycomb. Scale bars:1 cm
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Table 1 Summary of various 3D printing techniques used for different PDC materials and their properties after pyrolysis
. C_eramic Monolith/ Density/ L_inear Compressive Tensile Hardness/ Elastic
Material AM Tech. yleld/% skelgton (gem ™) shrinkage/ strength/MPa strength/ GPa modulus/  Ref.
(in mass) porosity/% % GPa GPa
SiCN DLP 80 0 2.28 20 - - 10 78 [60]
SiCN DLP 253 6.9 2.167 62.9 >50 - >33 [31]
SioC DLP 44.1 1.5 2.1 354 0.124-0.156 - ~7.61 - [41]
SioC DLP 40.1 2.1 51.5 10 1.9 - 3.1 [61]
SiOC DIW 94 - 8 56.4 - - 28.9 [62]
SioC DIW - - 55(vol) ~3.1 - - - [34]
SiOCN  DIW 77 50 1.05 - 0.3-0.9 - - - [63]
SioC SLS 82 0 2.64 3 220 - - - [64]
SioC DIW 31.3-58.84 86.5 1.97 46.7(vol) 2.92 - - - [65]
SioC DLP 29.63 3.64 1.60 42.01 19.08 - 5.82 46.4 [44]
SiOC BI3DP 16.5 19 1.84 222 20 - - - [66]
SiOC DLP ~30 47 1.95 30 12.9 - - - [67]
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