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Extended Data Fig. 2 | 3D reconstruction results of sp2-hybridised carbon 
networks. a, Original dataset (~3.5 vol%); b-d, Supplementary multi-point 
measurements with volume fractions of 3.53 vol% (b), 6.23 vol% (c), and 5.12 vol% 

(d), respectively. All reconstructions confirm consistent interconnected 
microstructures across the sample, supporting the presence of a  
percolating network.
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Extended Data Fig. 3 | Microstructure characterization of 3D-MWCNTs- 
diamond composite prepared at 15 GPa and 2000 °C, revealed by STEM.  
a, A low-magnified STEM image of a thin foil taken out to prepare STEM sample. 
The foil is translucent and the gap of diamond grains can be vaguely observed.  
b, A low-magnified ABF-STEM image of the thin foil, showing that MWCNTs are 

filled in the gaps between diamond grains, forming a 3D continuous MWCNTs 
network in the polycrystal diamond matrix. c,d, High-magnified ABF-STEM 
images of heterogenous MWCNTs/diamond interfaces, corresponding to the 
yellow box (c) and blue box (d) in (b), respectively.
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Extended Data Fig. 4 | Transformation pathway of MWCNTs to diamond. 
a, Schematic of the transformation mechanism. b, HRTEM image of MWCNT 
graphitic layers in an intermediate state of distortion and collapse. c, Interplanar 
spacing measured along the arrow in (b), evolving from ~3.36 Å (characteristic 

of curved graphitic layers) to ~2.77 Å and then to ~3.03 Å. The sequence indicates 
that the inner, higher-curvature CNT layers collapse and reconstruct into 
diamond more readily.
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Extended Data Fig. 5 | Vickers hardness and fracture toughness of 
3D-MWCNTs-diamond composites, in comparison with other materials. 
a, Vickers hardness of the composites sintered at different temperatures 
(1400 °C ~ 2200 °C) under 15 GPa. Inset in a: Vickers hardness of the composites 
(15 GPa, 2000 °C) as a function of the applied load. Beyond 9.8 N, Vickers 
hardness decreases to the asymptotic values of ~90 GPa. Data are presented 
as mean values +/- SD. b, Fracture toughness of the composites sintered at 
different temperatures under 15 GPa. The fracture toughness in b is cyan from the 
indentation test and red from the SENB test. c, Comparison of fracture toughness 
values from SENB and indentation measurements for commercial yttria partially 

stabilized zirconia (Y-PSZ, Beilong Electronics, China), pure nanotwinning 
diamond (pure ntD), ntD composite, polycrystalline diamond, WC‑6Co, and 
3D-MWCNTs-diamond composite. Data are presented as mean values +/- SD. 
SENB, filled bars; indentation, empty bars; Estimated indentation, empty bars 
with dashed border. The loads for indentation fracture toughness measurement 
were 49 N for Y-PSZ, and 19.6 N for pure nt-diamond and nt-diamond composite. 
ntD, nt-diamond. d-f, The typical post-indentation SEM images of indentations 
(29.4 N load) in composites sintered at 15 GPa and d, 2000 °C (crack-free),  
e, 2100 °C (short radial cracks), f, 2200 °C (long radial cracks). Inset in f: Optical 
image of the transparent sample.
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Extended Data Fig. 6 | The fracture behavior of a specially designed (bone-like) 
3D-MWCNTs-diamond composite sample, by an in situ tensile test in the TEM. 
a, TEM image of fractured 3D-MWCNTs-diamond composite slice, corresponding 
to the TEM image of Fig. 4a (ε = 1.81%) in the main manuscript. b, Enlarged TEM 

image of fractured 3D-MWCNTs-diamond composite in intergranular cracking 
region, taken from the yellow dashed frame in a. c,d, Enlarged TEM images of 
fractured 3D-MWCNTs-diamond composite in transgranular cracking region, 
taken from the red dashed frames in a.
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Extended Data Fig. 7 | Multi-scale quantitative analysis of crack paths in the 
composite. Blue and red dashed lines mark cracks used for statistical analysis 
of sub-micron and nanoscale crack deflection, respectively. a-b, SEM images of 
Vickers indentation cracks observed in a FIB-lift-out lamella, where stress relief 
during milling reveals latent crack propagation paths. c, Statistical distribution 
of diamond grain sizes. d, Distribution of undeflected crack segment lengths at 

the sub-micron scale. e-g, TEM images of crack paths in a tensile-tested specimen. 
h, High-resolution TEM image of diamond defect structures (stacking faults and 
nano-twins). i, High-resolution TEM image showing crack deflection at diamond 
defect structures. j, Statistical distribution of diamond twin thicknesses.  
k, Distribution of undeflected crack segment lengths at the nanoscale.
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Extended Data Fig. 8 | The Ab initio molecular dynamics (AIMD) simulation 
results of several carbon polymorphs. a, The variation of total potential energy 
and temperature fluctuation for the supercells of different polymorphs during 
AIMD simulation of the Canonical ensemble (NVT) at 300 K. b, The deformed 
structures at the strain of 0.66 before and after the AIMD simulation. Different 

from the structural stability of P1 and P2 phases, for structure at strain of 0.66, 
there is a noticeable drop in energy (see black arrow) and a significant structural 
change before and after the relaxation, suggesting the instability of this 
phase-transitioned structure and thus the final failure of the composite during 
the deformation.
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Extended Data Fig. 9 | The origin of the conductivity of MWCNTs-diamond 
composite. a, Calculated partial charge distributions around the Fermi level.  
b-d, Calculated orbital-resolved DOS of unequivalent atoms located in 
sp2-hybridised, interface, and sp3-hybridised regions. The atoms C1-C3, C4-C6, 

and atoms C7-C9 located in sp2-hybridised, interface, and sp3-hybridised regions 
are marked with blue, red and black in a. The interface is highlighted with red 
lines in a. The Fermi level was set to 0 in b-d.
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