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Fig. 2 Microstructure images of HSHBN samples: (a) TEM
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Fig. 4 Microstructure images of HPBG samples: (a, ¢) TEM images of NDP-10 HPBG; (b, d—f) HRTEM images with a
corresponding SAED pattern that is shown as the inset of ()38
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Fig. 5 Microstructure images of TS-BN samples: (a) Microstructure of the ceramic sintered at 1600 ‘C for 5 min, inset shows the

corresponding SAED pattern; (b) Differential phase contrast image of an edge-on nanoplate showing parallel nanoslices with

different colours; (¢) HAADF-STEM image of TS-BN[*!
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Fig. 6 Microstructure images of TS-BN samples after fracture:
(a) TEM image of fractured surface; (b) DF-STEM
image of TS-BN samples after fracture; (c)
HAADF-STEM image of a kink boundary with local
defects; (d) TEM image of ripplocation (arrows) and
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Crack e
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Fine PDNF fails.
Crack stops at the bridging node.
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Fig. 8 Microstructure and enhancement mechanism images of O-HPG samples: (a—c) SEM image of O-HPG-40 cracks; (d, g) TEM

images of bridging node of PDNF; (e) Schematic diagram of enhancement mechanism; (f, i) TEM images of fracture failure

of PDNF; (h) Stretching effect of NFG wrinkles*4]
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Fig. 9 FESEM microstructure images of LB samples after
fracture: (a) LB-35; (b) LB-40; (c) LB-45; (d) LB-50[+]
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Fig. 10 Microscopic images of the samples and schematic
diagrams of “mortise and tenon structures” : (a)
Optical photo of carbon fiber cloth; (b) Optical photo
of LB-40; (c) FESEM image of LB-40; (d)
Schematic diagram of the formation of “mortise and
tenon structure” in the samplel*’!
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Table 1 A performance comparison table of carbon-like materials prepared by different functional units ordering strategies

Ordering strategies Functional unit Material system

Performance improvement

Main performance improvement mechanism  Ref.

Uniformly dispersed ordered  Onion BN hBN ceramic

structure

times that of pure hBN ceramic

MPa; Energy dissipation reaches
45.0MJ/m?
Flexural strength 145.0 MPa

Onion carbon Graphite
Layered twisted ordered Layered BN BN plastic
structure ceramic
One-dimensional ordered Onion carbon Graphite

structure
“Mortise and tenon” ordered ~ Onion carbon C/C composite

structure

Relative density reaches 97.6%;

Mechanical properties are 2—3

Fracture strain reaches 14%;

compressive strength is 626.0

Flexural strength 1206.5 MPa

Phase transformation-induced volume [36]
expansion promotes densification; strong

interfacial bonding effect

Flexural strength>90 MPa [38]

Multiple defects (kink, delamination, [43]
dislocation) synergistically dissipate

energy, with restricted defect propagation

Strong interfacial bonding effect; crack [44]
deflection and fiber bridging effect

Strong interfacial bonding; 3D mortise-tenon [45]
structure enables effective load transfer to
fibers
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Extended Abstract

Conventional carbon materials such as graphite and hexagonal boron nitride, as well as other difficult-to-sinter carbon-based
materials, suffer from some challenges such as lengthy preparation processes and high energy consumption. The existing strategy of
assembling and structurally regulating functional building blocks across scales leads to significant improvements in the mechanical
and thermal properties of these materials.

In the preparation of high-performance hexagonal boron nitride ceramics, using onion boron nitride (0BN) as functional building
blocks, cubic boron nitride (cBN) is introduced and transformed into oBN during the sintering process. The volume expansion
associated with this phase transformation promotes densification, resulting in high-strength hexagonal boron nitride (HSHBN) with
improved mechanical properties. Also, BN plastic ceramics are fabricated by a twisted architecture approach with nano-oBN as a raw
material. The ceramics composed of twisted nanosheets are formed via spark plasma sintering (SPS), achieving a fracture strain of up
to 14% and a compressive strength of 626 MPa, and demonstrating the superior plastic deformation capacity and impact resistance.

In the preparation of graphite materials, high-strength graphite is fabricated through a uniformly dispersed architecture via
mixing nano-diamond (ND) with natural graphite. After sintering, ND is converted into onion carbon (OC), forming a "nano-scar"
structure that significantly enhances mechanical properties, with flexural strength of > 90 MPa. In a one-dimensional functional
building block architecture, ND is introduced into polyacrylonitrile fibers via electrospinning, forming a one-dimensional
nanofiber-reinforced structure that further increases flexural strength to 145 MPa. The strengthening mechanisms include crack
deflection and bridging effects. Furthermore, a mortise-and-tenon structure architecture is employed to fabricate carbon-carbon
composites via introducing ND into carbon fiber cloth, which transforms into an OC "mortise-and-tenon" structure after sintering.
This significantly improves interlaminar bonding, achieving a flexural strength of 1206.5 MPa.

Summary and prospects The strategy of "functional building block architecture" has a promising potential in the preparation of
high-performance carbon-like materials (such as graphite, boron nitride, and their composites). High-performance carbon-like
materials are successfully fabricated via architecting various functional building blocks (such as onion carbon and onion boron
nitride), achieving substantial improvements in the performance. This strategy provides an effective pathway for the development of
next-generation high-performance carbon-like materials. The functional building block architecture strategy offers a novel paradigm
for tailoring the properties of carbon-like materials, exhibiting broad prospects for development. Future research should involve: 1)
the synergistic architecture of multiple types of functional building blocks to achieve multifunctional integrated material design; 2)
combining computational simulations with artificial intelligence for high-throughput screening and optimization of functional
building block combinations and architecture methods; 3) extending the application of this strategy to more extreme service
conditions, such as high temperature, high pressure, and irradiation environments; and 4) advancing the controllable preparation and
large-scale application of architected materials to promote the engineering application of carbon-like materials in high-tech fields such
as aerospace, electronic devices, and nuclear energy.

Keywords carbon-like material; functional units ordering; mechanical properties; new paradigm



