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Fig. 1. (a) Response of chemical bonds under an indenter during a hardness measurement; (b) electron

excitation accompanying chemical bond breaking; (c) the distribution of valence electrons (VE) in pure and

polar covalent bonds (217
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Fig. 2. (a) Transmission electron microscopy (TEM) image of onion BN nanoparticles, and the inset is
high resolution TEM (HRTEM) image corresponding to the position marked with the red box emphasizing
features of curved atomic layers, lattice puckering, and stacking faults; (b) bright field TEM image of a
¢BN nanograin, and the inset shows an nt-cBN bulk sample with a diameter of 2 mm; (¢) HRTEM image
and corresponding selected area electron diffraction pattern (SAED, inset) along the [101] zone axis of the

nanograin shown in (b), lamellar nanotwins with various thicknesses (\) are present in the nanograin, the

twinning plane is of the {111} type with lattice fringe angles of 70.53° across the twin plane, the red triangles

mark two Shockley dislocations (18],

“10/nm . o
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() Hh L X 30 0 395 XL 7 5 I, A DU S ARPALE P47 5 B T T W 5% X 495 (¥ U o S [ 3 1) 25 o (1]

Fig. 3. (a) HRTEM image of onion carbon nanoparticles; (b) TEM image of nanotwinned microstructure, the
inset shows a photograph of the transparent sample (1 mm in diameter); (¢) HRTEM image of intersecting
nanotwins (marked with the red box in b), viewed along the [101] zone axis of diamond, lamellar {111}
nanotwins, stacking faults are present, twin boundaries are marked with red arrows, grain boundaries (GB)
are interrupted by interlocked twins, the inset shows SAED pattern corresponding to the central area of (b),

the four-fold-like pattern is from the twin domains with four different orientations (101,
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Table 1. Vickers hardness (in the unit of GPa) of 5 nanotwinned diamond samples, the hardness of sample

376 was measured in Yanshan University, all the others were measured in Jilin University.

LRI R 1 2 3 4 5 PHIME
376 182.34 208.72 206.49 210.98 209.34 203.57
744 194.97 172.70 185.57 216.04 210.45 195.95
745 194.97 205.07 210.45 190.19 181.53 196.44
746 185.57 200.00 190.19 194.97 185.59 191.26
749 205.10 194.97 190.17 199.90 210.45 200.12
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Fig. 4. Indentation process with a Vickers indenter.

Red lines schematically represent the slip systems in
the polycrystals with dislocations indicated by L. di
and d2 show the diagonals of the formed indentation.
The dashed line emphasizes the basal plane of the sam-

ple surface [66].
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Fig. 5. AFM calibration of an indentation formed
on a nanotwinned diamond sample under a load of
9.8 NI66l. (a) AFM image, the inset shows an op-
tical microscope photograph of the same indentation
where the cyan box emphasizes the position for inden-
tation diagonals under the optical microscope; (b) the
line profiles corresponding to the colored lines in (a);
(c) schematic diagram of the diagonal profile across
two opposite corners of an indentation with pile-up

ridge.
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Fig. 6. Uniaxial compression experiment on nanotwinned diamond: (a)—(d) The process of the diamond

flat punch pushing towards the nanopillar of nanotwinned diamond; (e) the flat punch diamond is obviously

cleaved and fractured after the measurement, while the nanotwinned diamond nanopillar is intact; (f) stress-

strain relationships were calculated using the diameter of the pillar apex of nanotwinned diamond pillar.
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SPECIAL TOPIC —Recent advances in the structures and properties of materials under high-pressure

High pressure synthesis of nanotwinned ultrahard
materials”
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Abstract

In this review, we present our recent research progress in superhard materials, with specially focusing on two topics.
One topic is to understand hardness microscopically and establish the quantitative relationship between hardness and
atomic parameters of crystal, which can be used to guide the design of novel superhard crystals. The other topic is to
identify the fundamental principle and technological method to enhance the comprehensive performances (i.e., hardness,
fracture toughness, and thermal stability) of superhard materials, and to synthesize high-performance superhard materi-
als. Starting from the chemical bonds associated with crystal hardness and electronic structure, we propose a microscopic
understanding of the indentation hardness as the combined resistance of chemical bonds in a material to indentation.
Under this assumption, we establish the microscopic hardness model of covalent single crystals and further generalize it
to polycrystalline materials. According to the polycrystalline hardness model, we successfully synthesize nanotwinned
cubic boron nitride and diamond bulks under high pressure and high temperature. These materials exhibit simultaneous
improvements in hardness, fracture toughness, and thermal stability. We also clarify a long-standing controversy about
the criterion for performing a reliable indentation hardness measurement. Our research points out a new direction for
developing the high-performance superhard materials, and promises innovations in both machinery processing industry

and high pressure science.
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