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A Review of Pore Defectsin Ultra-high Temperature Oxide Ceramics
by Laser Additive Manufacturing: Formation and Suppression
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Abstract: Ultra-high temperature oxide ceramics, known for their outstanding high-temperature strength,
microstructural stability, oxidation and corrosion resistance, are anticipated to serve as the next generation of ultra-high
temperature structural materials, suitable for prolonged use in high-temperature oxidizing environments, and are
expected to have broad application potential in the aerospace sector. In recent years, laser additive manufacturing

(LAM) technology has emerged as a prominent method for the preparation of ultra-high temperature oxide ceramics,
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characterized by advantages such as rapid near-net shaping, mold-free production, and high flexibility for fabricating
complex-shaped parts, thereby establishing itself as a significant research hotspot. However, ceramics are highly prone
to pore defects during LAM process, which not only hinders the subsequent deposition of samples but also leads to
deterioration in the surface quality and mechanical properties of formed parts. This review firstly provides an overview
of the basic principles and process characteristics of three LAM techniques, including selective laser sintering (SLS),
laser powder bed fusion (LPBF), and laser directed energy deposition (LDED). It focuses on characteristics of pore
defects, flow characteristics of molten pool, and formation mechanism of pore defects in the LAM of ultra-high
temperature oxide ceramics. Furthermore, their research progress in suppressing pore defects is detailed from three
aspects: optimization of process parameters, outfield assistance, and second-phase doping. Finally, their challenges
associated with achieving practical engineering applications are summarized, along with prospective development
trends and breakthrough points in the field, focusing on suppression of forming defects, powder characteristics and
subsequent heat treatment.

Key words: ultra-high temperature oxide ceramic; laser additive manufacturing; pore formation mechanism; pore

suppression; review
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Fig. 1 Schematic diagram of SLS and pictures of fabricated ceramic samples

[30, 32]

(a) Schematic diagram®®”; (b) Complicated Al,O; ceramics fabricated by SLSP%
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Fig. 2 Schematic diagram of LPBF and pictures of fabricated ceramic samples
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[34, 36-38]

(a) Schematic diagram®™¥; (b) Al,05/ZrO, composite ceramics®®; (c) Al,03/GdAlO5/ZrO, ternary eutectic
ceramics of different shapes[‘m; (d) Al,05/GdA1O;/ZrO, eutectic ceramict®®
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Fig. 3 Schematic diagram of LDED and pictures of fabricated ceramic samples

[39, 42-44]

(a) Schematic diagram®™; (b) Rod-shaped Al,0s/GAP ceramics™?; (c) Hollow cylindrical Al,Os/YAG ceramics™**!;
(d) Thin-walled Al,03/YAG/ZrO, eutectic ceramics!*!!

F1 ZHRRME LAM AR x4
Tablel Comparativeanalysisof threerepresentative LAM technologies*®®!
Technology  Powder feeding method Applied material ~ Power/W  Manufacturing precision Features

Polymers, metals, Rough surface, low

SLS Powder bed melting ~ ceramics, wax, 10-200 Low geometrical accuracy,
precoated sand macro-porous structure
Metal | Being limited to

LPBF Powder bed melting cLals, POIYICTS, 561000 High manufacture small objects,
ceramics .

very fine resolution

Metals, polymers, Large-scale components,

LDED Blow powder by gas 100-3000 Low

ceramics

low powder utilization rate
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(a) Round-like pores and irregular shrinkage!*”’; (b) Ellipsoidal pores
(c) Shrinkage cavities on top"; (d) Elongated gas holes on top™; (¢) Internal

round gas holes®™; (f) Internal shrinkage cavities>!

[50].
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Fig. 5 Effect of laser defocus displacement on pore defects in
LAMDP!

(a) Negative defocus state; (b) Positive defocus state
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(a) Comparison between the experimental and the simulation results of the single melt track morphology’

Influence of molten pool temperature distribution and laser energy density on the molten pool** "]

[57]

>

(b) Temperature gradient, cooling and solidification rates at vertical distances from the molten pool surface

centerm

1 (¢) Temperature gradient and cooling rate at different scanning rates

[42]
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Fig.9 Schematic diagrams of the formation of shrinkage cavity’
(a) Laser beam scanning ceramic powder to form molten pool;
(b) Nucleation and growth of the primary phase while solidification
and contraction of the surrounding residual liquid phase; (c¢) Gradual
enlargement of holes produced by solidification and contraction into
shrinkage cavity
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prepared with different scanning speeds(®"

(a) 12 mm/min; (b) 18 mm/min; (¢) 24 mm/min; (d) 30 mm/min
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Fig. 11 3D solid mass distribution in Al,O3 samples obtained
by synchrotron radiation based micro-computed tomography!’®
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(a2-c2) Corresponding magnified microstructures
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Fig. 13 Cross-sections of two AlLO;/ZrO, ceramic specimens
made using different types of powders!’”?
(a) No preheating; (b) Preheating at 1715 C
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