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Moiré superlattices formed by twisted stacking in van der Waals materials have
emerged as a new platform for exploring the physics of strongly correlated materials

and other emergent phenomena’ >, However, there remains alack of research on the
mechanical properties of twisted-layer van der Waals materials, owing to alack of
suitable strategies for making three-dimensional bulk materials. Here we report the
successful synthesis of a polycrystalline boron nitride bulk ceramic with high room-
temperature deformability and strength. This ceramic, synthesized from an onion-like
boron nitride nanoprecursor with conventional spark plasma sintering and hot-
pressing sintering, consists of interlocked laminated nanoplates in which parallel
laminae are stacked with varying twist angles. The compressive strain of this bulk
ceramic canreach 14% before fracture, about one order of magnitude higher compared
with traditional ceramics (less than 1% in general), whereas the compressive strength
isaboutsix times that of ordinary hexagonal boron nitride layered ceramics. The
exceptional mechanical properties are due to acombination of the elevated intrinsic
deformability of the twisted layering in the nanoplates and the three-dimensional
interlocked architecture that restricts deformation from propagating across
individual nanoplates. The advent of this twisted-layer boron nitride bulk ceramic
opens a gate to the fabrication of highly deformable bulk ceramics.

Moiré superlattices formed by stacking layered van der Waals (vdW)
crystalline sheets with slight relative rotations (twist angles) about the
stacking direction have prompted intensive research effortsto explore
strongly correlated physics. The introduction of twist angles breaks the
inherent symmetry of the crystal structure and often causes unique
changes in physical properties. Examples include superconductivity
in magic-angle bilayer and multilayer graphene! and ferroelectric-like
domains originating at the interface between two marginally twisted
hexagonalboronnitride (hBN) thin crystals®. Theoretical simulations
predict that adjusting the twist angle in two-dimensional transition
metal dichalcogenide may result in new physical phenomena such as
spin-liquid states, the quantum anomalous Hall effect and chiral d-wave
superconductivity®. In addition to these new physical phenomena,
experimental observations have shown that mechanical properties
canbe modified by changing the twist angle of vdW layered materials.
For example, twisted-bilayer MoS, shows significantly reduced fric-
tion®, and microscale graphite can maintain superlubricity with awide
range of bicrystal twist angles’. These findings hint that in vdW ceramic
materials suchas BN, theintroduction of twistingin layered structures
may produce notable effects on the deformability and strength of the
bulk ceramic.

hBN is a typical vdW material with a layered crystal structure®. At
roomtemperature, bulk hBN ceramics, which are widely used inindus-
try, are brittle with alow compressive strength of about 100 MPa and
can sustain a very limited amount of elastic deformation (usually at
the level of 1%) before catastrophic failure®™°. By adding various sin-
tering aids or reinforcing phases, the strength of hBN ceramics can
be improved to some extent, but with little improvement in deform-
ability®°. Experimentally, large room-temperature elasticity and plas-
ticity have been observed in micro/nanoscale ceramic monocrystals
and oligocrystals, such as diamond", AIN*?, TiO, (ref. 13), Si;N, (ref. 14)
and ZrO, (ref. 15). However, achieving similar room-temperature
deformability in bulk dense ceramics remains aformidable challenge™®.
It was recently proposed that the deformability of an inorganic vdW
material could be assessed on the basis of three key factors: alow slip-
ping energy (E;) that allows interlayer gliding, a high cleavage energy
(E.) that maintains interlayer integrity during gliding, and a suitable
in-plane Young’s modulus (Y) that ensuresintralayer flexibility'’8, These
three parameters can be combined to define a deformability factor,
Z=(E/E)1/Y)®.In vdW materials, introducing twisted stacking may
increaseinterlayer spacing'®, whichwould reduce E,, thereby increasing
the deformability factor'®,
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Fig.1|XRD patterns and microstructure of the bulk ceramics prepared
through SPS. a, XRD patterns of bulk ceramics prepared under different SPS
conditions. Insome patterns, details of the circled regions are shown with
intensity magnified by afactor of 3. Inset shows the interlayer spacing of
prepared ceramics as a function of synthesis condition. b, Microstructure
of'the ceramicsintered at1,600 °C for 5 min, showing randomly oriented
nanoplates. Inset shows the corresponding SAED pattern, with hBN diffraction
signalslabelled. Extra diffraction halos and spots are present that do not belong
to hBN. ¢, Differential phase contrastimage of an edge-on nanoplate showing

Here we report the synthesis of a bulk BN ceramic composed of
three-dimensionalinterlocked BN nanoplates whose vdW layers form
alaminated structure with various twisting angles. The twisted-layer
bulk ceramic was synthesized from onion-like BN (0BN) nanoparticles
using conventional spark plasmasintering (SPS) and hot-pressing sin-
tering. This twisted-layer bulk ceramic shows exceptional deformability
(up to 14% compressive strain) and plasticity (up to 8% permanent
deformation) and high strength at room temperature. These remark-
able properties have long been soughtin engineering ceramics, which
usually have very poor deformability with essentially no plasticity.

Synthesis and microstructure

oBN precursors are composed of turbostratic-nested BN spherical
shells with abundant puckering and stacking faults*** (Supplementary
Fig.1). Aseries of bulk ceramics were sintered from oBN precursors by
SPS. With increasing sintering temperature, the density of sintered
ceramics increased until saturation at around 2.08 g cm (Extended
Data Fig. 1b). The original broad X-ray diffraction (XRD) peaks of oBN
precursors gradually narrowed, and further peaks corresponding to
hBN-like diffractionlines appeared, indicating a phase transition from
oBNtoan hBN-like layered structure (Fig.1a). Under Raman spectros-
copy, hBN-like characteristic Raman peaks developed with increasing
temperature (Extended DataFig. 1c). The ceramicsintered at 1,800 °C
exhibited XRD patterns and Raman spectra identical to those of hBN
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parallel nanoslices with different colours, indicating alaminated structure of
BN nanoplates with parallel-stacked multiple BN nanoslices.d, HAADF-STEM
image showing alternatingregions of striped (I, Illand V) and atomic (Iland IV)
resolution, evidencing differently twisted BN nanoslicesinalaminated
nanoplate. e, TEM image showing amoiré superlattice. Theinset shows a fast
Fourier transform pattern fromthe box region, where the rotational angle
between two sets of diffraction spots (marked inred and blue, respectively)
is27.8°.Scalebars,400 nm (b), 50 nm(c), 4 nm(d,e), 5nm™(b,e, inset).

ceramics, indicating acomplete transition from oBN to hBN. However,
XRD patterns of the ceramics sintered at 1,600 °C showed features dif*-
ferent fromthose of hBN (Fig.1a), forinstance, larger interlayer spacing
and higher background intensity between hBN (100) and (004) peaks.
These differences were further confirmed by selected area electron
diffraction (SAED) measurements (Fig. 1b, inset, and Extended Data
Fig. 2f). Whereas the SAED patterns from the 1,800 °C sample were
consistent with the standard crystallographic diffraction pattern of
hBN (Extended Data Fig. 2j), the 1,600 °C sample exhibited pronounced
halos and weak diffraction spots between hBN (100) and (004) diffrac-
tion rings. The weak spots did not belong to hBN, and hBN (101) and
(102) rings were barely observed (Fig. 1b, inset, and Extended Data
Fig. 2f,h). These observations imply that some metastable structures
other than hBN were present in the ceramics sintered at 1,600 °C.

We investigated the microstructures of the SPS-sintered samples
with scanning electron microscopy and scanning transmission elec-
tron microscopy (STEM). Ceramics sintered at temperatures between
1,600and 1,800 °C were composed of plate-shaped grains (Fig. 1b and
Extended DataFig.2). The average grain size increased withincreasing
sintering temperature. For the ceramic sintered at 1,600 °C for 5 min,
theaverage thickness of the plates was approximately 40 nm and the lat-
eral width was approximately 173 nm, close to the diameter of the oBN
nanoprecursor. These nanoplates were randomly oriented, forming a
three-dimensional nanoarchitecture (Fig.1b), instriking contrast to the
preferential oriented nanoplates routinely observed in polycrystalline
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Fig.2|Superhighroom-temperature deformability and strength of TS-BN
ceramic prepared through SPS. a, Engineering stress-strain curves. TS-BN-I
sintered at1,600 °C for 5 min exhibited an extraordinary high engineering
strain of 14% and strength of 626 MPa, far exceeding those of ordinary hBN
ceramics. TS-BN-Il was prepared through SPSat1,600 °C for 10 min. hBN? and
hBNPare an SPS-sintered ceramic from hBN nanosheets and acommercial hBN
ceramic, respectively. b, Asingle cycliccompression test on TS-BN-I, showing
apermanent plastic deformation of 8% after unloading. ¢, Multiple cyclic

test showing that TS-BN-I ceramic can sustain multiple loading-unloading
cycleswithout fracture. d, log-log plot of dissipated energy versus uniaxial

ceramics sintered from hBN nanosheets (Supplementary Fig. 2). We
characterized the detailed structure of the nanoplates in the sample
sintered at1,600 °C for 5 min. A differential phase contrastimage of an
edge-on nanoplate showed parallel straight bands in distinct colours
(Fig. 1c), indicating a laminated structure with different laminae rela-
tively rotated about the normal of the basal plane (thatis, the lamination
plane). High-angle annular dark-field (HAADF)-STEM observations
along the zone axis of the nanoplate basal plane also showed narrow
parallel regionsin different (atomic or striped) resolutions, with thick-
nesses ranging from several to tens of atomic layers (Ito V, Fig.1d). These
narrow parallel regions will be referred to as nanoslices hereafter. When
the nanoplate was rotated around the normal of its basal plane (with
the electron beam perpendicular to the rotation axis), transmission
electron microscopy (TEM) images of different nanoslices moved inand
out of atomic resolution (Supplementary Fig. 3). These observations
indicate that the nanoplate consists of multiple nanoslices, sharing
the same basal plane but twisted relative to one another by various

Strain (8.7%) Strain (13.6%)

compressive stress. The red, purple and blue regions represent anelastic,
plastic and load-to-failure stages, respectively. Results from polycrystalline
graphite and Ti;SiC, ceramics are included for comparison?>?*, e, Comparison
of uniaxial deformability and strength of TS-BN-I ceramic with those of
traditional ceramics. Inset compares plastic deformability and strength of
various ceramics. Detailed dataare shown in Supplementary Table 2.f, Snapshots
fromauniaxial compression test. Thin nickel marks are evaporated onto the
specimensurface, servingas strain markers. See Supplementary Video 1for the
entire process.

angles around the normal of the basal plane. HAADF-STEM images col-
lected from the same region at different tilt angles demonstrate that
BN nanoplates composed of twist-stacked nanoslices are ubiquitously
presentin the bulk ceramic (Extended DataFig. 3).

TEM observations along the normal of the nanoplate basal plane
revealed a variety of moiré superlattices (Fig. 1e and Extended Data
Fig.4). The simulated moiré patterns fitted the experimental patterns
well (Supplementary Fig. 4); however, the stacking of atomic layersin
each nanoslice usually deviated from the AA’ stacking of ideal hBN,
with frequentrelative translation between neighbouring atomic layers
(Fig. 1d). Furthermore, simulated results indicated that hypothetical
structures formed by stacking twisted atomic layers had larger inter-
layer spacing than that of hBN and further diffraction peaks on both
sides of hBN (101) and (102) peaks (Extended Data Fig. 5 and Supple-
mentary Table1). Thus, we interpret the extra featuresin our XRD and
SAED observations (Fig.1a,b and Extended DataFig.2) asduetoin-plane
twisting between adjacent nanoslices in the laminated structure.
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Fig.3|Origin of superhigh deformability and strength of TS-BN ceramic.
a, Calculated slipping energy and cleavage energy of the hypothetical 6-tBN
crystals. Compared with hBN, the introduction of twisted stacking into the
structure significantly reduced slipping energy while maintaining cleavage
energy. Other vdW layered materials are shown for comparison’®. b, Intrinsic
deformability factors (Z) of hypothetical 8-tBN crystals were two orders of
magnitude higher than thatof hBN and even higher than those of Ag,S and
InSe, which are known to have ultrahigh room-temperature deformability'”'8.
c,d, Average differential stresses (that is, strengths) of the (001) (c) and (100)
(d) lattice planes during triaxial compression tests (with mean stress of
around 1.5 GPa) derived frominsitu synchrotronradiation XRD observations.
Thestrength of TS-BN (orange squares) was much higher than that of hBN
(bluecircles).

The above observations show that the BN ceramic synthesized
by SPS at 1,600 °C possesses a hierarchical microstructure. The
honeycomb-structured BN atomic layers with identical orientation
formindividualnanoslices, which are then stacked with variousin-plane
twistangles to form laminated nanoplates. Finally, randomly oriented
nanoplates form a three-dimensional nanoarchitecture of the bulk
ceramic. Hereafter, we term this BN ceramic a TS-BN ceramic to empha-
size the fact that laminated nanoplates are formed by twist-stacked
nanoslices.

Exceptional mechanical properties

Room-temperature uniaxial compression tests demonstrated excep-
tional mechanical properties of TS-BN bulk ceramics. Figure 2a sum-
marizes the engineering stress-strain relationship until final fracture
for different SPS-sintered BN samples. TS-BN sintered at 1,600 °C for
5 min (TS-BN-Ifor short) exhibited a high engineering strain up to14%
before fracture, almost one order of magnitude greater than those
(around 1%) of hBN ceramics and other typical engineering ceramics
(Fig. 2e and Supplementary Table 2). Accompanying the large axial
strain was a large transverse expansion up to around 7% (Fig. 2f and
Supplementary Video1). The compressive strength reached 626 MPa,
fivetotentimes that of the ceramic sintered from hBN nanosheets and
other commercial hBN ceramics (Fig. 2aand Supplementary Table 3).
With prolonged sintering time and higher sintering temperature, both
deformability and compressive strength of TS-BN decreased; this was
clearly related to growth of the ‘pure’ hBN phase (ideal AA’ stacking
order and diminishing laminated structure of nanoplates) in the bulk.

782 | Nature | Vol 626 | 22 February 2024

o 3
s ’\' \
WA

\\\ | Dislocation
N VLN

A\

>

Fig.4 |Deformation modes of TS-BN ceramic. a, Fractured surface showing
numerous nanoplates that are sharply bent into two halves by kinks (white
arrows). b, DF-STEM image showing kinking (white arrows) and delamination
(orange arrows) of nanoplatesin ceramic. The delaminating planeis the basal
plane, throughwhich nanoplates are ‘peeled’ into multiple plates. The red
dotted lineindicates adelamination thatis blocked by the surrounding
nanoplates with different orientations. c, HAADF-STEM image of akink
boundary withlocal defects (red circles). d, TEM image showing ripplocation
(arrows) and dislocation (L) between basal atomic layers. Scale bars, 500 nm
(a),200 nm (b), 5nm (c),2nm (d).

Indeed, for the ceramic sintered at 1,800 °C, with a complete trans-
formation from oBN to hBN as indicated from XRD and SAED (Fig. 1a
and Extended Data Fig. 2j), fracture strain and compressive strength
werereduced drastically compared with those of TS-BN-I, with values
similar to those of hBN ceramic.

Cyclic uniaxial compression tests were carried out on the TS-BN-I
ceramic. Figure 2b and Supplementary Video 2 show the results of
asingle cyclic compression test, where axial compressive stress was
gradually increased to 619 MPa (with a corresponding strain of 13%)
and then released completely. No visible cracks occurred during the
test, and the sample remained intact, witharemarkable residual plastic
deformation of around 8%. Inamultiple cyclic test (Fig.2cand Supple-
mentary Video 3), the stress—strain curves of one load-unload cycle
formed a closed hysteresis loop with maximum stress below 300 MPa,
showing remarkable anelastic behaviour. The hysteresis loop opened
up under higher stress (Fig. 2c), indicating irreversible permanent
plastic deformation.

The elastic-plastic deformability of the TS-BN-I ceramic stood out
among those of all bulk polycrystalline ceramics (Fig. 2e and Supple-
mentary Table 2). In the cyclic compressive test, the enclosed area
of a hysteresis loop is a measure of the absorbed mechanical energy,
indicating a high damping capacity?. The dissipated energy versus
compressive stress plot is shown in Fig. 2d for the TS-BN ceramic. Its
superiority over other ceramics was striking. In the anelastic deforma-
tion stage (the red zone in Fig. 2d), the dissipated energy increased
linearly with stress, reaching around 1.0 M) m~ with a maximum
stress of 300 MPa. This was one order of magnitude higher than that
of polycrystalline graphite® and slightly higher than that of Ti,SiC,
(ref. 22). With higher compressive stress (the purple zone in Fig. 2d),
the dissipated energy increased abruptly to a maximum of 45 M) m™



withintroduction of plastic deformation. This value was two orders of
magnitude higher than that of commercial hBN ceramics (0.26 MJ m™)
and significantly higher than those of other engineering ceramics, such
as SiC (15 M) m) and Mg partially stabilized zirconia (28 M) m=)?*%,
Therefore, the TS-BN ceramic is an excellent candidate as an impact
absorber. The blue zone in Fig. 2d shows the dissipated energy esti-
mated from aload-to-failure test (Fig. 2a), where an even larger value
(as high as 70 M) m™) was achieved.

Deformation mechanisms

To examine the effect of twisted stacking in TS-BN on = (ref. 18), we built
several hypothetical crystals by twisting every other layerin hBN with
anangle of 8 (6-tBN for short; Supplementary Fig. 4a). First-principles
density functional theory (DFT) calculations indicated that twisting
betweenadjacent BN layers could reduce £, by two orders of magnitude,
with little impact on E. or Y. As a result, = increased drastically com-
pared with that of hBN (Fig. 3a,b and Supplementary Table 5). Owing
to the very high density of twisted interfaces in the 8-tBN model, the
calculated =was even higher than those of Ag,S and InSe with ultrahigh
room-temperature deformability'™®, Inreality, TS-BN contains alower
density of twisted layers than 8-tBN. Nonetheless, twisted interfaces
in laminated BN nanoplates have a critical role in boosting intrinsic
deformability of BN ceramics.

We further explored deformation mechanisms by investigating the
microstructure of TS-BN ceramics after compressive fracture. Fig-
ure 4a shows the typical morphology of a fractured surface, in which
numerous kinked nanoplates are present owing to severe compression
(marked by white arrows). Dark-field (DF)-STEM observations showed
abundant nanoplate kinking (white arrows in Fig. 4a,b) and delamina-
tionin the nanoplates (orange arrows in Fig. 4b). The observed micro-
structure indicates that delaminationislocalized to within individual
nanoplates and cannot propagate across adjacent nanoplates to form
microcracks. Thus, the three-dimensional bulk TS-BNis ananoarchitec-
tured material characterized by interlocked nanoplates. Its microstruc-
ture contrasts sharply with that of compressed hBN ceramics, where
microcracks propagate readily along the basal planes of nanolaminae
(Supplementary Fig. 2), resulting in low deformability. In the deformed
TS-BN sample, defects are primarily localized within kink boundaries
(Fig.4c), withlarge numbers of ripplocations and dislocations observed
in the nanoplates (Fig. 4d), all of which are absent from the initially
ordered TS-BN nanoplates (Fig. 1d). These defects—that is, kinking,
delamination, ripplocation and dislocation—contribute to the plastic
deformation in TS-BN ceramics. In situ room-temperature uniaxial
compression tests on TS-BN-I1 nanopillars by TEM showed deform-
ability due to kinking and delamination (Extended Data Fig. 6). This
extrinsic deformation mechanism is similar to that in layered MAX
phase ceramics under compression®*? but different from those in
micro-and nanoscaled samples owing to dislocation slip™ **and phase
transformation'",

We also conducted triaxial deformation using in situ synchrotron
radiation XRD at room temperature, Abulk TS-BN-Isample was loaded
quasi-hydrostatically to about 1.5 GPabefore an axial strain was applied
along the cylindrical axis (see Methods for experimental details).
Differential stresses were estimated on the basis of lattice strains of
the (002) and (100) planes by assuming that the elastic constants of
these planes could be approximated by those of hBN under the cor-
responding pressure (Fig. 3c,d). The differential stress values thus
obtained were highly anisotropic, with maximum stress normal to
the (100) planes (up to 1.2 GPa) nearly eight times that normal to the
(001) planes (0.16 GPa), which are dominated by vdW interactions.
For comparison purposes, an hBN sample with identical dimensions
was also tested. As pressure suppresses brittle behaviour, hBN can
be deformed plastically up to around 11.5% axial strain, with differen-
tial stresses on the (100) and (001) planes of about 0.4 and 0.05 GPa,

respectively; both of these values are about one-third of their TS-BN-I
counterparts. TS-BN-I exhibited significant strain hardening, whereas
hBN showed only slight strain hardening. We attribute the exceptional
mechanical properties of TS-BN to the intrinsically easy interlayer
slipping that significantly reduces local stress concentration, as well
asthe three-dimensional interlocked nanoarchitecture that provides
extrinsic constraints by confining brittle deformation through kink-
ing, delamination and ripplocation withinindividual nanoplates. Asa
result, greater deformability, load-bearing capacity and strength have
been achieved in the TS-BN ceramic.

We also established relationships between SPS sintering parameters,
microstructures (twist angle distribution, twisted nanoslice thickness)
and mechanical properties (Extended Data Fig. 7). Statistically, the
measured twist angles were mostly concentrated around 38°,28°,18°,
12°and occasionally around 7° (Extended Data Fig. 7a-c). Some angles
were also observed in moiré patterns (Fig. le and Extended DataFig. 4).
Withincreasing sintering temperature and holding time, percentages
ofthe7°,12°and 18° twist angles decreased, whereas percentages of the
28°and 38° twist angles increased owing to the favourable thermody-
namicstability of the structure (Extended Data Fig. 7g,h). The introduc-
tion of twisting between adjacent BN layersincreases the deformability
factor by two orders of magnitude, but the deformability factor varies
slightly with twist angles (Fig. 3b and Supplementary Table 5). With
increasing sintering temperature and holding time, average thick-
ness of twist-stacked nanoslices in nanoplates increases from 4 to 11
layers (Extended Data Fig. 7d-f). The increase in nanoslice thickness
means anincrease in the size of twisted-stacking units and a decrease
intwisted-layer interfaces, resulting in a decrease in the strength and
deformability of TS-BN ceramics (Extended Data Fig. 7i). Finally, we
have successfully reproduced the twisted-layer BN ceramics using
hot-pressing sintering under conditions similar to the SPS synthesis
(Extended DataFigs. 8 and 9 and Supplementary Table 4). The atomistic
mechanism of transition from oBN to twisted-layer BN under pressure
and temperature was investigated using molecular dynamics simula-
tions (Extended Data Fig. 10). The ability to hot-pressing sinter TS-BN
ceramics means that the materials can be much more easily scaled up
for practical applications.

By introducing a twisted laminated structure to the nanoplates
and building a three-dimensional interlocked nanoarchitecture, we
have achieved high deformability, plasticity and strength of a vdW
BN ceramic. The toughness and strength of the twisted-layer ceramic
are expected to be further improved by the addition of BN or carbon
nanofibres or nanotubes, as well as by adding a second ceramic phase.
The realization of plastic deformation shows that ceramics can be truly
permanently deformed, similar to metals, without fracture. The struc-
tural architecture strategy demonstrated in this study also sheds light
on the development of other layered vdW engineering ceramics with
simultaneously enhanced room-temperature deformability, strength,
toughness and energy absorption.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competing interests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-07036-5.

1. Cao, Y. et al. Unconventional superconductivity in magic-angle graphene superlattices.
Nature 556, 43-50 (2018).

2. Park, J. M., Cao, Y., Watanabe, K., Taniguchi, T. & Jarillo-Herrero, P. Tunable strongly coupled
superconductivity in magic-angle twisted trilayer graphene. Nature 590, 249-255
(2021).

3. Park, J. M. et al. Robust superconductivity in magic-angle multilayer graphene family.
Nat. Mater. 21, 877-883 (2022).

4.  Woods, C.R. et al. Charge-polarized interfacial superlattices in marginally twisted
hexagonal boron nitride. Nat. Commun. 12, 347 (2020).

Nature | Vol 626 | 22 February 2024 | 783


https://doi.org/10.1038/s41586-024-07036-5

Article

5.

6.

Wu, F., Lovorn, T., Tutuc, E. & MacDonald, A. H. Hubbard model physics in transition metal
dichalcogenide moiré bands. Phys. Rev. Lett. 121, 026402 (2018).

Jung, G. S. et al. Interlocking friction governs the mechanical fracture of bilayer MoS,.
ACS Nano 12, 3600-3608 (2018).

Wang, W., Shen, J. & He, Q.-C. Microscale superlubricity of graphite under various twist
angles. Phys. Rev. B 99, 054103 (2019).

Li, Y. et al. Advanced synthesis of highly crystallized hexagonal boron nitride by coupling
polymer-derived ceramics and spark plasma sintering processes-influence of the
crystallization promoter and sintering temperature. Nanotechnology 30, 035604 (2019).
Yang, H. et al. Low temperature self-densification of high strength bulk hexagonal boron
nitride. Nat. Commun. 10, 854 (2019).

Duan, X. et al. Review on the properties of hexagonal boron nitride matrix composite
ceramics. J. Eur. Ceram. Soc. 36, 3725-3737 (2016).

Nie, A. et al. Direct observation of room-temperature dislocation plasticity in diamond.
Matter 2,1222-1232 (2020).

Guo, J. J. et al. Sample size induced brittle-to-ductile transition of single-crystal aluminum
nitride. Acta Mater. 88, 252-259 (2015).

Li, J. et al. Nanoscale stacking fault-assisted room temperature plasticity in flash-sintered
TiO,. Sci. Adv. 5, eaaw5519 (2019).

Zhang, J. et al. Plastic deformation in silicon nitride ceramics via bond switching at
coherent interfaces. Science 378, 371-376 (2022).

Lai, A., Dy, Z., Gan, C. L. & Schuh, C. A. Shape memory and superelastic ceramics at small
scales. Science 341, 1505-1508 (2013).

Wu, Y. et al. The rise of plastic deformation in boron nitride ceramics. Sci. China Mater. 64,
46-51(2021).

Shi, X. et al. Room-temperature ductile inorganic semiconductor. Nat. Mater. 17, 421-426
(2018).

Wei, T.-R. et al. Exceptional plasticity in the bulk single-crystalline van der Waals
semiconductor InSe. Science 369, 542-545 (2020).

Liu, K. et al. Evolution of interlayer coupling in twisted molybdenum disulfide bilayers.
Nat. Commun. 5, 4966 (2014).

Tang, C., Bando, Y., Huang, Y., Zhi, C. & Golberg, D. Synthetic routes and formation
mechanisms of spherical boron nitride nanoparticles. Adv. Funct. Mater. 18, 3653-3661
(2008).

784 | Nature | Vol 626 | 22 February 2024

21.

22.

23.

24.

25.

26.

27.

28.

Tian, Y. et al. Ultrahard nanotwinned cubic boron nitride. Nature 493, 385-388 (2013).
Barsoum, M. W., Zhen, T., Kalidindi, S. R., Radovic, M. & Murugaiah, A. Fully reversible,
dislocation-based compressive deformation of Ti;SiC, to 1 GPa. Nat. Mater. 2, 107-111
(2003).

Barsoum, M. W., Murugaiah, A., Kalidindi, S. R., Zhen, T. & Gogotsi, Y. Kink bands,
nonlinear elasticity and nanoindentations in graphite. Carbon 42, 1435-1445 (2004).
Brannon, R. M., Lee, M. Y. & Bronowski, D. R. Uniaxial and Triaxial Compression Tests of
Silicon Carbide Ceramics under Quasi-Static Loading Condition. Tech. Rep. SAND2004-
6005 (SNL, 2005).

Lankford, J. Plastic deformation of partially stabilized zirconia. J. Am. Ceram. Soc. 66,
212-213 (1983).

Barsoum, M. W., Farber, L. & El-Raghy, T. Dislocations, kink bands, and room-temperature
plasticity of Ti;SiC,. Metall. Mater. Trans. A 30, 1727-1738 (1999).

Gruber, J. et al. Evidence for bulk ripplocations in layered solids. Sci. Rep. 6, 33451
(2016).

Wang, Y., Durham, W. B., Getting, |. C. & Weidner, D. J. The deformation-DIA: a new apparatus
for high temperature triaxial deformation to pressures up to 15 GPa. Rev. Sci. Instrum. 74,
3002-3011(2003).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution
oy 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024


http://creativecommons.org/licenses/by/4.0/

Methods

Sample preparation

The oBN nanoprecursors were prepared by the chemical vapour depo-
sition method'*?°?’; the raw materials used in the current work were
trimethyl borate and ammonia. The oBN particle size ranged from 50
to 500 nm, with an average size of around 180 nm (Supplementary
Fig.1). ADR.SINTER SPS system and HIGH MULTI10000 hot-pressing
sintering device were used to sinter the precursors, respectively. For
SPSsintering, a pressure of 50 MPawas applied first, followed by rapid
heating to the target temperature atarate 100 °C per min. Temperature
was monitored with an on-line infrared thermometer during sinter-
ing. After 5-10 min at the target temperature, the power was cut off,
and the pressure was released. The as-sintered specimens were left in
the SPS until they had cooled to room temperature; then, they were
taken out and polished. TS-BN ceramics can be synthesized between
1,600 and 1,800 °C by SPS. The ceramic synthesized at 1,500 °C was
a composite consisting of TS-BN and residual untransformed oBN
(Supplementary Fig. 5). For hot-pressing sintering, the same sinter-
ing pressure of 50 MPa was applied first, followed by gradual heating
to the target temperature at a rate of 10 °C per min. The holding time
was set to 5 min, and then the heating was stopped, and the pressure
was released. Densities of the as-sintered specimens were measured
according to the Archimedes principle.

XRD and Raman spectroscopy

XRD was used to characterize both the oBN nanoprecursors and the
as-sintered BN ceramics, using a Rigaku diffractometer (SmartLab,
Rigaku) with Cu Ka radiation (1= 0.15418 nm). The applied voltage and
current were 40 kV and 40 mA, respectively, with a step size of 0.02°
at a scanning rate of 1° per min. Raman spectra were also collected at
room temperature using a Horiba Jobin Yvon LabRAM system with
alaser wavelength of 473 nm. The size of the laser spot was approxi-
mately 1 pm.

TEM sample preparation

oBN nanoparticles were dispersed in ethanol solution by ultrasonic
treatment, drop-casted on to a carbon-coated copper grid and then
dried before TEM observation. Sintered BN ceramics were first crushed
and ground in an agate mortar; then, small nanoplates from ceram-
ics were used to prepare TEM samples in the same way as above for
oBN. Inaddition, thin foils were cut from as-sintered bulk samples for
TEM observation using a focused ion beam (Helios 5 CX DualBeam,
ThermokFisher). The foils were further milled to less than 100 nm and
polished by Ar-ion milling (NanoMill; Model 1040, Fischione) to remove
surface damage.

Microstructure characterization

We used scanning electron microscopy (Verios, ThermoFisher)
to characterize the oBN nanoparticles and fracture morphology
of BN ceramics. More detailed microstructure was characterized
with a scanning transmission electron microscope (Talos F200X,
ThermoFisher) operated at an accelerating voltage of 200 kV and a
spherical-aberration-corrected scanning transmission electron micro-
scope (Themis Z, ThermoFisher) operated at an accelerating voltage
of300 kV.HAADF images were collected by combining 20 frames from
acquired series with drift correction (DCFlin Velox software, Thermo
Fisher). The probe convergence angle was set to 25 mrad, and the col-
lecting angle for HAADF was set to 65-200 mrad to eliminate the coher-
ent scattering effect.

First-principles calculations

We constructed twist-layer BN structures using the Materials Visu-
alizer module of the Materials Studio software®. Calculations were
performed on the basis of DFT asimplemented in the CASTEP code®.

Ultrasoft pseudopotentials were used®**, We used the local density
approximation exchange-correlation functional of Ceperley and Alder
parameterized by Perdew and Zunger** to perform structural opti-
mization and calculations of total energies and elastic properties. A
k-point sampling® of 0.04 x 21t A and a plane-wave cutoff of 570 eV
were applied. The Broyden-Fletcher-Goldfarb-Shanno® minimization
scheme was used for geometry optimization. Structural relaxation was
stopped when the total energy changes, maximumionic displacement,
stress and ionic Hellmann-Feynman force were less than 5.0 x 10 eV
peratom,5.0 x10™*A,0.02 GPaand 0.01 eV A, respectively. The elastic
moduliof the investigated structures were calculated in the linear elas-
ticstrainrange. Selected calculation parameters were tested to ensure
thatenergy convergence was lessthan1 meV per atom. To validate our
computational scheme, benchmark calculations were conducted for
the hBN structure. The calculated lattice parameters of a =2.49 Aand
c=6.48 Awereingood agreement with experimental values ofa =2.50 A
andc = 6.66 A (ref.38). The calculated bulk modulus (27.9 GPa) of hBN
was in agreement with the experimental value (25.6 GPa)*.

Deformability factor calculation

The ability of layered vdW materials to deform without fracture can
be characterized by the deformability factor = = (E/E;)(1/Y) (in units of
GPa™)'®, where E, and E, are the cleavage energy and slipping energy,
respectively, and Yis thein-plane Young’s modulus along the slip direc-
tion. The E./E, ratio quantifies the plasticity of the material that con-
formsto the criterion proposed by Rice et al.***. Interlayer interactions
andtherelative glide of the twist-stacked BN structures were simulated
on the basis of DFT calculations. The slipping step was kept at 0.3 A
duringthe simulation. For each step, the energy of the most stable con-
figuration was obtained by geometrically optimizing only the interlayer
distance. The (001) plane uniformly slipped along the [210] direction,
whichis considered to be the lowest-energy sliding direction in hBN*,
We obtained the energy asafunction of the slip distance over the range
of periodic distances. The energy difference between the slip distance at
maximumenergy (E,...,) and noslip (£,) was used to represent the energy
barrier to overcome resistance to slip, thatis, £, = E,,, — E, (ref. 18).
Theenergy difference between the infinite interlayer distance (£,,) and
E..xwasconsidered torepresent the cleavage energy, £, = E; ¢ — Erna (ref.
18). Aninterlayer distance of 10 A was used to calculate £, which safely
ensured that there was no interlayer interaction.

Molecular dynamics simulation

The phase transition process from oBN to a twisted-layer structure was
simulated by molecular dynamics with the large-scale atomic/molecu-
lar massively parallel simulator code®. An extended Tersoff potential
was chosen to describe the interatomic interaction**; this has been
widely used to investigate the microstructural evolution of hBN*#¢,
In this work, a 10 x 10 x 4 nm® supercell containing a two-shell BN
nano-onion at the centre was constructed. The two-shell BN nano-onion
structure was constructed using the method reported in our previous
work?. The outer (inner) shell corresponded to B,soN,so (B4soNae0), and
the diameter of the BN onion was 3.61 nm. Periodic boundary conditions
and isothermal-isobaric (NPT) ensemble were applied in the simula-
tions. Each supercell was first optimized with the conjugate gradient
algorithm and then relaxed for 20 ps at room temperature. Following
the relaxation, the supercell was compressed uniaxially along the z
direction to agiven pressure (6 GPa) within 200 ps and finally heated
tothe target temperature (1,500 K) within 2 ns. Atomic configurations
were visualized and analysed with the help of the Open Visualization
Tool package®’. The local structural environment of the atoms was
identified using the polyhedral template matching algorithm*,

Mechanical property characterization
Uniaxial compression tests were performed in the MTI mechanical
property testing system (MTII/Fullman SEMtester 2000) at room
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temperature with a strain rate of 1x10™*s™. Ceramic specimens were
machined into cylinders with diameter of 2.7 mm and length of 4.0 mm
(lengthto diameter ratio: approximately 1.5). Both ends of the cylinders
were polished with diamond powder of around 0.5 pm. Parallelism
between the two ends was within 0.01 mm. A thin copper foil was placed
betweenthe sample and the tester to reduce stress concentrationonthe
contactarea. Thin nickel (Ni) film was deposited on the sample surface
toformmarkers. Each compression process was recorded in situ witha
digital video recorder. Sample strain was estimated by measuring the
change in distances between Ni markers. We conducted at least five
tests for uniaxial compressive properties on bulk samples obtained
from SPS and hot-pressing sintering.

Tensile tests were carried outatastrain rate of 1 x10™* s, The speci-
mens were processed into I-shape with an effective tensile length of
6 mmandarectangular crosssectionof1 mm x 1.5 mm. Flexural strength
was measured using the three-point bending method. The specimens
were processed into cuboids with a size of 1 mm x 2 mm x 12 mm. The
span length was 11 mm, and the loading rate of the indenter was set to
0.1 mm min. Flexural strength (o;) was calculated as follows:

-1

oo L W
T

where F is the maximum load until the specimen fractured, L is the
span length, and b and & are the width and height of the specimen,
respectively.

Fracture toughness of the specimens was determined using the
single-edge V-notched beam method. The specimens were processed
into cuboids with a size of 1 mm x 1.5 mm x 5 mm. A straight-through
V-notchwithadepth of approximately 0.5 mm was cut in the specimen
using a femtosecond laser (Astrella-1K-USP). The radius of the notch
tip was less than 10 um, the span length was 4 mm and the crosshead
loading rate was 0.1 mm min.. Fracture toughness (Kc) was calculated
using the following equations:

e (g o) i) @
Y (%) =1.964 - 2.837(%) + 13.711(%]2 -23.25 (%j3+ 24.129[%]4, 3)

where F is the maximum load until the specimen fractured, L is the
span length, Bis the specimen width, Wis the specimen height and
a is the notch depth. Tests for tensile strength, flexural strength,
Young’s modulus and fracture toughness were repeated at least
five times.

Insitu synchrotron radiation XRD measurements

In situ triaxial compression tests were performed using a
deformation-DIA apparatus coupled with synchrotron X-rays, at the
GSECARS 13-BM-D beamline of the Advanced Photon Source at the
Argonne National Laboratory, USA. Details of the deformation-DIA
module and the sample assembly can be found elsewhere®*°. The
specimens were cylinders of 2.5 mm in diameter and 3.5 mm in
length. The specimen was first compressed to a hydrostatic pres-
sure of around 1.5 GPa; then, the differential rams were advanced to
shorten the sample ataconstantspeed (strainrate =1x107s™) atroom
temperature.

Theincident monochromatic beam (45 keV) was collimated to tung-
stencarbide (WC) slits of 200 mm x 200 mm. Detector tilt and rotation
relative totheincidentbeamwere calibrated witha CeO, standard using
the Dioptas program®’. XRD patterns and radiographs of the sample
were collected automatically during deformation. Exposure times for
XRD and radiographs were 300 s and 10 s, respectively.

Thestrain of specimenwas defined as € = (I-[;)/[, where [and [ are the
samplelengths at theinitial state and under compression, respectively.
Lattice strain of the (002) and (100) reflections was defined as

(@)~ dp iy

4 =Q,(1-3cos’p), (4)
P(hkI)
where d; ) is the hydrostatic pressure d-spacing, for which the
right-hand side of equation (4) is zero. For each plane (hkl), d,,, and
@ were measured from the two-dimensional diffraction pattern (with
cosg = cosBcoso), 6 being the true azimuth angle. Q,, and dp(,,, were
extracted by fitting d,, versus ¢ according to equation (4). Differen-
tial stresses o, were calculated for planes from lattice strains Qg
according to:

A0y =6Q,Ghir (5

where the ‘effective moduli’ G, were calculated with elastic compli-
ances S;frominversion of thestiffness tensor (C;) for hBN. In the current
work, elastic constants of c;; =27 GPa and c;; = 811 GPa (ref. 39) were
used to calculate 0o, and 0,4y Of layered BN structures, respectively,
without considering pressure effects on these moduli.

In situ TEM nanopillar compression

Nanopillars with diameter of around 200 nmand aspect ratio of around
2:1fromthesintered bulk ceramic were fabricated usinga Gaionbeam
atavoltage of 30 kVin a FEI Helios focused ion beam instrument. Ini-
tially, the samples were processed into pillars with a cross-sectional
width of approximately 5 pmusing relatively large currents from 21 nA
to 7 nA.Subsequently, the pillars were milled to cylinders with diameter
of 1 pm using low currents from 5 nA to 1 nA. Finally, the pillars were
polished to the desired size of approximately 200 nmusing small cur-
rents from 500 pA to 7.7 pA to minimize the damage layer.

In situ uniaxial compression tests were performed with a Hysitron
Picoindenter instrument inside a transmission electron microscope
(FEI Titan ETEM G2) operated with an accelerating voltage of 300 kV.
The Hysitron PI-95 holder was equipped with adiamond punch joined
toa MEMS transducer. In situ compression experiments were carried
out in a displacement control mode, which has been proved to be
more sensitive to transient phenomena. The displacement rate was
kept at 10 nm s during compression, corresponding to a strain rate
of1x107%s™". The whole process was recorded using a digital video
recorder for observation of the evolution of the microstructure.

Dataavailability
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from the corresponding authors upon request.
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Extended DataFig.1|Density and Ramanspectraof ceramics prepared
by SPS sintering oBN under different conditions. a, Optical photo of the

as-prepared ceramic block. b, Densities of sintered ceramics. Orange and green
columnsrepresent the ceramics prepared from oBN and hBN nanoprecursors,

respectively. The sintering pressure was fixed at 50 MPa, and the sintering
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temperature and holding time were different, as shownin the figure. Error bars
represent1s.d. (n = 5).c,Ramanspectraobtained from various samples. With
increasing sintering temperature, the £,; band of the as-prepared ceramics
shifts toward low wavenumbers, approaching that of hBN. Inset compares the

shift magnitude of thisRamanband in wavenumber.
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Extended DataFig.2|Morphology of fracture surface and microstructure
of BN ceramics prepared by SPS sintering oBN under different conditions.
a,1,600°Cfor5min.b,1,600 °Cfor10 min.c,1,700 °Cfor10 min.d, 1,800 °C
for10 min. The fracture surfaces were formed by directly breaking bulk ceramics
with mechanical pliers. At1,600 °C, the size of the nanoplatesincreases with
dwelling time, from 5 min to 10 min. For a constant dwelling time of 10 min, the
size of the nanoplatesincreases with temperature from1,600 °Cto1,700 °C
and 1,800 °C. The average lateral sizes of the nanoplates calculated from the
corroded surface ofthesamplesare ca.173 nm, 583 nm, 704 nm,and 2.65um,
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respectively,inathroughd. The STEMimages and SAED patterns of the ceramics
sintered ate, f1,600 °C for10 min, g, h1,700 °C for 10 min, andi,j1,800 °C for
10 min. With the increase of sintering temperature or time, the size of platesin
ceramicsincreased from nanometer to micrometer. Infand h, the diffraction
rings corresponding to different crystal planes of hBN were marked. There
were additional new diffraction halos and dispersive diffraction spots between
the (100) and (004) diffractionrings.Inj, an ordinary hBN single crystal
diffraction pattern taken from [221] zone axis was identified in the ceramic
fromahigh sintering temperature of 1,800 °C.
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Extended DataFig. 3 | Ubiquitous presence of nanoplates with twisted- e(16.1°,7.5°),£(9°,3.1°),g (0°,0°), h (-10°,-5°), and i (-15.5°,10.2°). Red arrows
stackingstructurein TS-BN-Iceramic. a-c, Gradually enlarged HAADF-STEM indicate the appearance of nanoplates with bright and dark bands at different
images. The bands with different contrastsin the nanoplate correspond to the tilt angles, showing that nanoplates with twistedly stacking structure are
laminated nanoslices with differentin-plane orientations. d-i, HAADF-STEM ubiquitously present.

images collected from the same region at different -, B-tilt angles: d (2.5°,15.2°),




Extended DataFig. 4 |See next page for caption.
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Extended DataFig. 4 |Moiré patterns formed by superimposing oftwo
(a-h), three (i-n) and five (0-v) twisted nanoslices, respectively.aand e, HRTEM
images taken atthe edge of the nanoplate. Theinsets are the FFT patterns from
whiteboxareasin TEM images, showing two sets of superimposed diffraction
patterns (marked with red and blue) with relative rotation angles of 27.8°
and11.6° respectively. Note thataisthesameasFig.le.b,candf, gInverse
FFTlatticeimages derived from FFT patterns. d, Moiré pattern formed by
superimposing two sets of latticeimagesinband c. h, Moiré pattern formed by
superimposing two sets of latticeimagesinfand g.i, STEM dark field image of
thenanoplateinceramic.j, HRTEMimage from the edge area (white dotted box)

ini, showing the moiré pattern. Insetis the FFT pattern of white dotted box area
inj, whichiscomposed of three sets of diffraction spots. The adjacent twisted
nanoslices arerotated by 7.7°and 16.5°, respectively. k,I,and mInverse FFT
lattice images derived from three sets of diffraction spotsin FFT patterns
marked with various colors. n, Moiré pattern formed by superimposing of
threesets of latticeimagesink,1,and m. o, HRTEM image taken from the edge
ofthe nanoplate, showing the moiré pattern. p, FFT pattern superimposed by
five sets of diffraction spots. q, Moiré pattern superimposed by five sets of
latticeimagesinr-v.r-v,Inverse FFT lattice images derived from the five sets of
diffractionspotsin FFT pattern marked with various colors.
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Extended DataFig.5|Simulated XRD patterns of hypothetical twist-stacked
BNstructures. a, Full patterns. Inset shows one twist-stacked structure,
constructed by two-layer-thickness BN nanoslices stacked at a twist angle of
27.8°.bandc, Expanded patterns for details. Blue and green curves: crystal
structures constructed by stacking nanoslices at afixed twist angle (38.2°

or 27.8°), where each nanoslice consists of 1to 6 atomic layers (labeled as |
through Vlontheright-handside, with twisting angle as prefix). Black curve:
simulated XRD pattern of hBN structure. Purple curves: synchrotron radiation
XRD (SR-XRD) patterns of as-prepared TS-BN and hBN ceramics measured at
room temperature. The selected wavelength of X-ray for simulation was1.54 A.
Thevander Waalsinteraction between layers as well as interlayer spacings of

45 50 55
26 (Deg.)

thestructures are corrected accordingto the difference between the simulated
and measured interlayer spacings of hBN. Compared with hBN, the (002)
diffraction peaks of twist-stacked structures shift to the left, indicating
expanded interlayer spacings. Moreover, the twist-stacked structures possess
additional diffraction peakslocated between (100) and (004) diffractionlines
of hBN. Withincreasing nanoslice thickness, these new diffraction peaks
gradually approach to the (101) and (102) diffraction peaks of hBN. The result
shows that the introduction of twist-stacked structures canaccount for the
extrafeaturesin XRD patterns observed experimentally. The peak positions,
Millerindices, and relative intensities of simulated diffraction peaks of
hypothetical crystal structures arelisted in Supplementary Table 1.
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Extended DataFig. 6 |In-situ TEM compression test onaTS-BN nanopillar.
This figure summarizes results of the first and fourth deformation cycles. aand
b, Thefirstloading-unloading cycle. a, Bright-field images showing length
changein nanopillar during compression and decompression. After total
release of stress, the sample recovers about half of the total length change
defined by the difference between theinitial length and the length under
maximum deformation. b, Anelasticity behavior observed after unloading,
showinga gradual disappearance of deformationsincluding kink bands and

4th cycle

Loading

Unloading

delaminationsin the nanoplate. During the recovery process, the surrounding
nanoplates appear to move around toaccommodate the shape changein the
plate, leaving no voids. ¢, The fourth loading-unloading cycle causing severe
plastic deformationin ceramic nanopillar. d, Hysteresis deformation after the
fourth cycle, showing that the kinking deformation moved and eventually
remainedinthe nanoplate.band d were the enlarged areas of the red dotted
ellipsesinaandcrespectively.
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Extended DataFig. 7 | Statistical distribution of twist angles and nanoslice
thickness, and therelationshipsbetween synthesis parameters,
microstructure, and mechanical propertiesinSPSsintered TS-BN ceramics.
a-c, Distribution of twist angles in ceramics obtained at various conditions,
1,600 °C,5min (a);1,600 °C,10 min (b);and 1,700 °C, 10 min (c). The twist
anglesare concentrated at four main angles (-38°,-28°,-18°,and ~12°) and a
non-dominant angle of -7°. Supplementary Fig. 4a shows the hypothetical
twist-stacked crystal structures with twist angles of 38.2°,27.8°,17.9°,11.6°,
and 7°, respectively. d-f, Thickness of twistedly stacked nanoslices in ceramic

nanoplates, 1,600 °C, 5 min (d); 1,600 °C,10 min (e); and 1,700 °C, 10 min (f). As
thesintering temperature and timeincrease, the average thickness of nanoslices
increases from4 layersto1llayers,leadingtoadecreaseinthe density of twisted
interface.g, DFT calculated enthalpies of hypothetical twisted-layer BN
structures withrespect to hBN. h, Percentage variation of twist angles with
sintering temperature and holding time. i, Relationships between thicknesses
of nanoslices and the compressive strength (and fracture strain) of TS-BN
ceramics.
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Extended DataFig.8|Structure and properties of TS-BN ceramics prepared
by hot-pressing sintering.a, XRD patterns of TS-BN ceramics prepared at
various conditions (50 MPaand1,650 - 1,850 °C, 5 min), showing similar
diffractionresults as those of SPS sintered ceramics (Fig. 1a). The crystal planes
of hBN are marked in the figure. Compared with hBN, the introduction of twist-
stacked structure results in the left shift of the (002) diffraction peak, indicating
anincreaseininterlayer spacing. Moreover, the additional diffraction peaks
between (100) and (004) diffraction lines of hBN appear in twist-stacked
structures (Extended DataFig. 5), causing the high background intensity
observedinthediffraction patterns. b, Engineering stress—strain curves during
uniaxial compression. The TS-BN samples have acompressive strength up to
773 MPaand fracture strain of10.2%, demonstrating the reproducibility of large

Engineering stress (MPa)

800 |- 1,650 °C
600 |-
1,750 °C
400
1,850 °C

200

1 . 1 . ! " ] a

4 6 8 10 12

Engineering strain (%)

room-temperature deformability and high strength in hot-pressed sintered
bulk ceramics. The slight differences in strength and strain of hot-pressing

(or SPS) sintered samples are due to the differences in the microstructure
(e.g.twistangle and nanoslice thickness) of the samples. c-e, Gradually enlarged
HAADF-STEM images, indicating that the bands with different contrastsin the
nanoplate correspond to the laminated nanoslices with differentin-plane
orientations. f-i, HAADF-STEM images collected from the sameregion at
different a-, B-tiltangles: f(10.4°,-10.7°), g (-1.1°,15.5°), h (-20.2°,6.8°), and
i(-10°,-10°). Red arrows show the appearance of nanoplates with bright and
darkbands at different tilt anglesin STEM, indicating the prevalence of twisted
stackingstructuresinthe ceramic nanoplates.
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Extended DataFig. 9|Statistical distribution of twist angles and nanoslice
thickness, and therelationships between synthesis parameters,
microstructure, and mechanical propertiesinhot-pressing (HP) sintered
TS-BN ceramics. a-c¢, Distribution of twist anglesin the ceramics sintered at
1,650 °C (a), 1,750 °C (b),and 1,850 °C (c). The distribution of twist angle is
similar as that of SPS sintered samples, concentrated around 38°,28°,18°,12°,
and 7°.d-f, Thickness of nanoslices in ceramics sintered at 1,650 °C (d), 1,750 °C
(e),and 1,850 °C (f). g, Percentage variation of twist angles with sintering
temperature. As the sintering temperature increases, the proportion of 27.8°
and 38.2°graduallyincreased. h, Average thickness of nanoslices in ceramics
sintered at differenttemperature. As the sintering temperature increases, the
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average thickness of nanoslicesincreases from 3 layers to 9 layers, whichis
slightly less than that of SPS sintered ceramics. i, Relationships between the
nanoslice thickness and the strength/strain of TS-BN ceramics. With the
nanoslice thicknessincreases, the strength and fracture strain of ceramics
gradually decrease. Thedistribution of twist angles, the percentage change of
twist angles, and the variation of nanoslice thickness with sintering temperature,
aswell astherelationship between nanoslice thickness and the strength/strain
of hot-pressing sintered ceramics, are similar to the situationin SPS sintered
ceramics. This shows that pressure, temperature, and holding time are the key
factors controlling the microstructure and properties of TS-BN ceramics;
effects of electronic currentapplied in SPS synthesis are negligible.
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Extended DataFig.10|Phase transition from onion-like BN to twisted-layer
structure during the compression and heating. a, Evolution of atwo-shell
onion-like BN structure during compression from 0 GPato 6 GPaat300 K.

b, Structural evolution at 6 GPa during heating from300 Kto1,500 K. Inboth
aandb, theviolet colored partrepresents graphene-like structure. The grey
partrepresents anunidentified structure. Atoms and bonds are colored
accordingtothe polyhedral template matchingalgorithm. Arrows in the
enlarged image mark unbonded atoms. The cutoffvalue for the bond is1.52 A.
With theincrease of temperature, the collapsed onion-like BN structure

transformedinto alayeredstructure.c, Top view of each layer formed at 6 GPa,
1,500 K. Twistangles of other layersrelative to the layer 1are shown. Theresults
indicate that the onion-like structure underwent aseries of changes under
compression and heating, including distortion, collapse, fragmentation, and
subsequentrecrystallization, leading to the formation of the twisted-layer
structure. Note that the size of onion-like BN structure in the theoretical
simulationis significantly smaller than that usedin the experiment. Asaresult,
the pressure required for simulation is higher than the actual condition.
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