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Abstract: Interpenetrating phase composites (IPCs), which achieve a continuous interpenetration of porous ceramic skeletons
and polymer or metal phases in 3D space, have opened up a new way to overcome the brittleness of ceramics, and given new
possibilities for the development of next-generation impact-resistant and damage-tolerant advanced ceramics. Additive manu-
facturing (AM) provides support for the controllable preparation of IPCs. Hence, this paper systematically reviews the progress
of additive manufactured ceramic lattice-based IPCs. Firstly, AM processes such as vat photopolymerization, powder bed fu-
sion, material extrusion, and binder jetting are introduced, with their respective technical characteristics and scope of applica-
tion. Nextly, ceramic lattice structures, such as honeycomb, truss, plate lattice, and shell structures, are discussed as well as

their unique advantages in mechanical properties. Then, core composite processes including infiltration and electrodeposition
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of polymer/ceramic and metal/ceramic IPCs for the two key IPCs systems are provided, and the effects of key parameters such

as structural configuration, volume fraction, and gradient design on their mechanical properties, are summarized. Finally, based

on the current research status, the challenges and opportunities in terms of composite processes, multi-scale structural design,

and multifunctional integration, are further analyzed and forecasted.
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Fig. 1 Interpenetrating phase structures in biomaterials!!-2]

(a) Brick and mortar in shelll’); (b) Bouligand structure in mantis
shrimp’s dactyl club!?!
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Fig. 2 Commonly used AM technologies for ceramics
(a) VPP; (b) PBF; (c¢) ME; (d) BJ
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(a) AL,O; by SLA; (b) Hydroxyapatite (HA) by SLA®!; (c) Calcium
phosphate (CP) by DLPY); (d) Tricalcium phosphate (TCP) by DLP!%;
(¢) SiOC by TPPI!"
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Fig. 4 Ceramics printed by PBF, ME and BJl'>-7]

(a) Si/SiC by PBFU2; (b) SiC by SLS!"3; (c) ZrB, by ME!; (d) ALO,
by MEU; (e) ALO; by BIUS; (f) ALO; by BJU!7
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Table 1

Summary of AM techniques

AM technique Layer thickness/pm Advantage

Disadvantage Application
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PBF 20-60 High sample quality Prone to defects High-density parts
ME 100-200 Efficient and low cost Prone to porosity Lightweight S.t ructural ce-
ramics
BJ 50-100 High e;g;llf;%};l?;d wide Poor sample quality Large size parts
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Fig. 5 Mechanical properties of Al203 honeycombs[?%]

gle; (c) Effect of torsion angle on specific compressive strength of hon-
eycomb structures with different wall thicknesses
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(a) Lattices with different structural configurations and their load-dis-
placement curves?¥; (b) Lattices with different volume fractions and tilt

angles!®; (c) Gradient lattices with different number of cells**)
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(a) Schematic diagrams of plate lattice design and unit cell size; (b) Ce-
ramic samples
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(a) Common configurations of TPMS!?’); (b) TPMS with different struc-
tural configurations and volume fractions*”’; (c) Design strategies for
hybrid TPMSE2
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Ceramic Epoxy Composites

(a) Nacre-inspired ceramic scaffold*; (b) IPC inspired by trabecular
bone and its mechanical properties*”); (c) Stress-strain curves of single-
phase components and IPC*?); (d) Comparison of compressive strength
and energy absorption of single-phase compositions and IPC!¢)
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(a) Trusses and IPCs with different spatial configurations!*”); (b) IPCs of
periodic/random shell structures'*’); (c) IPCs of the same truss type!*’);
(d) Stress-strain curves of IPCs of the same truss type!*®!
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(2) 20%—-40% (in volume) phenol-formaldehyde (PF)/A1,0; IPCs!*; (b)
44%-68% (in volume) epoxy resin/ZrO, IPCsP"
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(a) Macro-morphologies of IPCs and cross section of gradient struc-
turel*¥); (b) IPCs of biomimetic gradient Bouligand structures!*!
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Fig. 14 Pressureless/pressure assisted infiltration!¢- 58- ¢01

(a) Pressureless infiltration®®!; (b) Metal/ceramic IPCs by pressureless
infiltration®®); (c) Pressure assisted infiltration®®; (d) Metal/ceramic
IPCs by pressure assisted infiltration!*%6%
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(a) Macroscopic morphology of ceramic lattices and metal/ceramic IPCs;
(b) Stress-strain curves of ceramic lattices; (c) Stress-strain curves of
metal/ceramic IPCs
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Fig. 16 Metal/ceramic IPCs with different structural configu-
rations[66-¢7]

(a) Metal/ceramic IPCs with Gyroid and Spinodal structures!®®!; (b)
Metal/ceramic IPCs with BCC and Gyroid structures!®”
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Fig. 17 Metal/ceramic IPCs with different volume fractionst¢®:
70]

(a) Design of Gyroid scaffold with different volume fractions!®*); (b)
Macroscopic morphology of Al/Al,0; IPCs!""; (c) Compressive strength
and flexural strength of Al/ALLO; IPCs under different volume frac-
tions!”!

323 HEEIT

o BE VU RIFEXT 48 /B & IPCs J1 2 PERE R
23 o Li U 7 B AR AR AR 2 30
Al/ALO; IPCs(E 18(a)). BFFT AL, 2bHEARIL %
N 30%HF, A/ALOs IPCs HIHUEME . B IKiES
RE BRI BE 714 )ik #1] 176.1 MPa. 4.56 GPa. 4.638
MJ/m?, @IS S IPCse X EZIHE T4
TR0 R UL T SR /M TPCs 1N 343 A I
R FGSFE . Hu FUAR T 4% 7 HA R B
) AIVALO3-B4C IPCs(f& 18(b, ¢)). 4R MNE &
BsC XA B E & ALOs HIX I, Al/ALO;-
B4C IPCs 13 1 M 134 GPa #4558 5 440 MPa %5
B LB ) v R (X B 2.1 k/m? s I X () AT
BT, ARG RIS L K yy 2 B B2 kR
(iR % 2 7t 2 S8 IPCs 8 fir 19 B0 1 (K
18(d)). Bh EE S5 M A3E T B AR &5 i FI R34 5] 1) 2%
YERESS, TR EE S kR S A s A AR, 2
g T R R S YR R, BN g &
M, A Re ERUCIRE /T .

F 2 XHEL T2 IPCs W R RE . A Y/IME
#EIPCs 13 BE A BRI, (H LU RE R RIS PR REAR T
& J@ /W& 1PCso X — 7 5 ELFE s T PR - RHE
FH 7 T 4%, 1R RUAE SR 4 BT AT RER

Stretching-dominant
Octet-truss lattice

1 *
w o axi :
200} v V-AXIS p Z-axis

0.5mm/min

Stress (MPa)
H

H

H
H

] 4

2 3 2 4
Strain (%) Strain (%)

Bl 18 MR BTHIN4 8/ I % IPCsl!72)

Fig. 18 Gradient designed metal/ceramic IPCsl7!-72]



53] ARORT, A FE TG ) B B A R R SUR 19 2% Lo SR E A LT U R S PR 11

(a) Gradient volume fraction!”"); (b) Schematic image of Al/A1,03-B,C
green bodies with compositional gradients!’”; (c) Gradient pitch ceramic

scaffold’; (d) Three-point bending stress-strain curves along the y and
z axis directions respectively!?!
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Table 2 Comparison of mechanical properties of of polymer/ceramic and metal/ceramic IPCs

mpressi ific ener, - .

Polymer/ceramic IPCs Polyurea/Al203 14.79 2.97 [39]
Epoxy resin/AL2O; 135.00 18.00 [43]

Polyurea/Al20; 61.03 6.85 [45]

Resin/Al203 40.01 17.30 [46]

Epoxy resin/Al2O3 453.30 12.00 [47]

Phenolic/Al2O3 101.09 2.70 [49]

Phenolic/Al203 114.86 2.73 [54]

Metal/ceramic IPCs Al/ZTA 517.40 13.00 [56]
Al-Si/ZrO2 343.00 1.66 [59]

Al/ALO; 89.01 0.96 [64]

Al/ALO; 240.00 0.71 [67]

Al/ALO; 176.1 1.61 [71]
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