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Hexagonal boron nitride (h-BN) is a brittle ceramic with a layered structure, however, recent
experiments have suggested that inter-layer structural engineering could be key to new structural and
functional properties. Here we report the scalable bulk synthesis of high-density crystalline h-BN solids,
by using high-temperature spark plasma sintering (SPS) of h-BN powders, which show high values of
mechanical strength, ductility, dielectric constant, thermal conductivity, and exceptional neutron
radiation shielding capability. Through exhaustive characterizations we reveal that SPS induces non-
basal plane crystallinity, twisting of layers, and facilitates inter-grain fusion with a high degree of in-
plane alignment across macroscale dimensions, resulting in near-theoretical density and improved
properties. Our findings highlight the importance of material design, via new approaches such as layer
twisting and interlayer interconnections, to create novel ceramics with properties that could go beyond
their intrinsic limits.
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Introduction
Engineering of interatomic bonding and interfacial structures
plays a pivotal role in tailoring the properties of layered materi-
als, enabling applications that include structural, mechanical,
optical, and electronics [1,2]. A recent study shows the excellent
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mechanical properties of hexagonal boron nitride (h-BN) solids
produced through spark plasma sintering [3]. These properties
have been attributed to the twisted stacked layers of h-BN and
three-dimensional interconnected domains of these lateral
stacks. In principle, the distorted or twisted lattices can have
unique structural attributes that restrict movement of disloca-
tions and lead to unique mechanical behavior [3]. Similarly, such
interfacial modifications can also affect other properties such as
scattering and phonon behavior [4,5]. Thus, engineering struc-
ture–property correlations especially in bulk assembled materials
from low dimensional constituents such as two-dimensional
(2D) structures requires fundamental understanding of nanos-
cale interfacial relationships (e.g. twists) and a judicious choice
of processing is required to achieve this [3,6–8]. 2D h-BN forms
a basal hexagonal lattice with primarily sp2 hybridization, shows
ultrawide-bandgap of �5.9 eV, anisotropic thermal conductivity,
and theoretically calculated static dielectric constant of �3.76
(out-of-plane) and �6.93 (in-plane) [8,9]. The theoretical density
(q) of h-BN is �2.1 g/cm3 [10], but due to practical limitations,
typical lab-synthesized bulk h-BN ceramics show a much lower
packing density, �60–70 % of the theoretical value [11].

In the pursuit of high-density pristine bulk h-BN, various
methods, such as high-temperature high-pressure (HTHP) sinter-
ing, mixing of two-grades of h-BN powders, using additives (e.g.
impurities, metals, and other ceramics), as well as incorporation
of the sp3 bonded 3D cubic BN (c-BN) particles have been
employed to produce h-BN with density modulations [12–17].
However, these composite materials may compromise on the
high-performance properties inherent to h-BN. Therefore,
achieving near-theoretical density and emergent functional
properties in pristine bulk h-BN without any fillers or secondary
phases using HTHP synthesis process is crucial for both atomic-
scale engineering and its large-area scalability. For bulk pristine
materials, HPHT sintering [18] can provide the energy necessary
for the structural modifications (e.g. lattice distortions, twist
between the layers) and consequent observation of functional
properties, not seen by conventional synthesis process [3,4].

Here, we used spark plasma sintering (SPS) in pristine bulk h-
BN without additives or fillers and obtained pure phase h-BN
ceramic with achieved near-theoretical density. This is attributed
to intergranular crystallization and reorientation of non-basal
planes with twisted interfaces. Remarkably, the dense h-BN cera-
mic shows high mechanical hardness, deformability, yield
strength, Young’s modulus, anomalous static dielectric constant
beyond theoretical limit, excellent thermal conductivity, and
exceptional neutron radiation shielding capabilities. These obser-
vations hold great potential for bulk high-density ceramics of
light-weight materials for numerous contemporary applications.
Materials and methods
Spark plasma sintering (SPS) of hexagonal BN powder
We used commercially available high-purity (99.9 % metal basis)
h-BN powder, purchased from MSE suppliers, USA. The spark
plasma sintering (SPS) was carried out on an SPS 25–10 machine
(Thermal Technology LLC, California USA) at a constant uniaxial
pressing pressure of 90 MPa and heating rate of 50 �C/min (at SPS
facility in Texas A & M University, USA). The sintering tempera-
ture was kept at 1600/1700 �C. Sintering was carried out accord-
ing to the following scheme: several grams of h-BN powder
was placed in a graphite mold (diameter of 25 mm) and then
placed in the sintering chamber under an initial pressure of
5 MPa. It was held at �2 � 10�5 Torr for �30 min, and then sin-
tered for 60 min under atmospheric pressure of UHP (�99.999 %)
Argon gas medium. Sintering pressure started to ramp up to
45/90 MPa at the ramp rate of 3 MPa/minute. It takes �30 min
to get the pressure of 90 MPa (both temperature and pressure
ramped up at the same time and they attained their max. values
almost at the same time. The temperature of the SPS process was
controlled by an optical pyrometer Raytek D-13127 (Berlin, Ger-
many). After the SPS, pressure was released slowly at �5 MPa/
min, while the temperature was ramped down at �100 �C/min.
For conventionally sintered h-BN disk, h-BN powder was
grounded in an agate mortar and pestle for �30 min by adding
a few drops of polyvinyl alcohol (PVA) binder. It was then
pressed (with 4 Ton Load) to make a compact one-inch diameter
disk. The sintered one-inch diameter pellet was then sealed
inside a quartz tube in vacuum and sintered at 1000 �C for 12 hrs.

Structural, spectroscopic, chemical, and microscopic
characterizations (XRD, XPS, VBS, FESEM, HRTEM, FTIR, EBSD
mapping, Raman spectroscopy, and REELS)
X-ray diffraction (XRD) measurements of sintered disks were
conducted with the Rigaku SmartLab X-ray diffractometer
(Tokyo, Japan). The XRD measurements were carried out at
40 kV and 40 mA, utilizing a monochromatic Cu Ka radiation
source (wavelength of 1.5406 Å) and a scanning rate of 1�/min-
ute. Rietveld refinements of the XRD data were performed using
the GSAS-II software package [19]. Temperature-dependent XRD
measurements were performed on a Rigaku SmartLab system
equipped with a Hypix 3000 detector. All measurements were
done in the atmospheric environment. The temperature was
raised at 10 K/min to targets, and was hold stable at each step
for 5 min before the XRD measurements. For high-T XRD, few
mg powders were scratched from the disk and grounded for
10 min to obtain fine grain.

X-ray photoelectron spectroscopy (XPS) was executed using
the PHI Quantera SXM scanning X-ray microprobe, employing
a monochromatic Al Ka X-ray source with a beam energy of
1486.6 eV. High-resolution core-level B, and N 1 s elemental
scans and valence band spectra (VBS) were performed with a pass
energy of 26 eV and 69 eV. The Thermo ScientificTM Nexsa G2
XPS system was used for REELS measurements. A total of 10 scans
were executed at a pass energy of 20 eV, and for a dwell time of
50 ms per scan, with the source beam energy set at 500 V.
Fourier-transform infrared spectroscopy (FTIR) was conducted
using the Nicolet 380 FTIR spectrometer equipped with a
single-crystal diamond window. Raman spectroscopy measure-
ments were taken with the Renishaw inVia confocal microscope,
utilizing a 532 nm laser as the excitation source.

Surface topography was analyzed using a field emission scan-
ning electron microscope (FESEM) model FEI Quanta 400 ESEM
FEG. To minimize the charging effects, a thin layer (�10 nm)
of gold (Au) was sputtered onto the BN particle surface. For EBSD
mapping, Thermo Fisher Apreo 2 SEM with an EDAX Velocity
Plus EBSD Detector was used with an applied voltage of 10 kV
43
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and current of 1.6nA. For a cross-sectional view of the disk, cuts
were made in FEI Helios NanoLab 660 Dual Beam microscope.
Samples were coated with Pt metal, for which we deposited a
1 lm layer of Pt using a gas injection system and electron/ion
beam. The Pt layer serves the purpose of protecting the top layers
of the sample and their interface. Further cross-section trench
was cut using a focused ion beam (FIB) with �5 lm depth.
SEM imaging of the cross-section was done in secondary elec-
trons mode with 5 and 10 kV voltages and 0.1, 0.2 nA currents.
Energy-dispersive X-ray analysis (EDX) analysis was conducted at
10 kV using the Oxford EDX detector and AZtec software for
analysis. To calculate the pores density from FESEM images, we
applied intensity threshold masks. Images were filtered to
remove the intensity gradient due to charging of the surface by
dividing the original image on the duplicated one with a gaus-
sian filter (Kernel value 25). Next, after adjusting the threshold
values of each image they were binarized before conducting mea-
surements of the respective areas. All image processing was done
in ImageJ software. The accuracy of the method depends on the
uniformity of intensity as some of the smaller pores were
excluded from the calculations.

For HRTEM, powders from the SPS h-BN disk were dispersed
into the ethanol solution and sonicated in an ultrasonic bath
for 10 min. Then we put a few drops of solution onto the
carbon-coated Cu-grid, and dried it for 48 hrs. The Cu-grid was
then mounted into the HRTEM chamber and images were
recorded using Titan Themis operating at 300 kV.

Dielectric measurements
For dielectric measurements, we mechanically polished a disk
and thinned down it to a few hundred mm. Dielectric constant
(j) was calculated from measured capacitance (C) according to

C ¼ j�0A
t , where �0 is the permittivity of free space (8:85� 10�12

F/m), A is the capacitor (top contact) area, and t is the thickness
of the sample. Sample thickness of 225 lmwas measured with an
optical microscope at the edge nearest to the capacitor. All mea-
surements were taken from parallel-plate capacitor devices. The
bottom of the sample was coated in silver paint to serve as a bot-
tom electrode. Top contacts were made with smaller dots of silver
paint (�1 � 1 mm2). Samples were mounted on a piece of AlN
using silver paint to provide an electrically insulating but ther-
mally conducting barrier between the sample and heater. The
AlN was then mounted on a resistive Inconel heater using silver
paint. Dielectric measurements were taken using a Keysight
E4990A Impedance Analyzer. Capacitance and loss were mea-
sured as a function of frequency at a 1 V oscillation amplitude.
This was repeated as a function of temperature.

Thermal conductivity measurements
The thermal diffusivity of the one-inch diameter pellets was per-
formed via the laser flash method (Linseis XFA 500 Xenon Flash
Thermal Conductivity Analyzer). The laser flash technique
implements a xenon flash, which heats the sample from one
end by producing a programmed energy pulse. The temperature
rise is determined at the rear surface with a high-speed infrared
detector. The temperature rise curve, recorded over time, repre-
sents the variation in sample temperature induced by the activa-
tion of the xenon flash. Utilizing mathematical models and
44
known parameters, it calculates thermal diffusivity, offering cru-
cial insights into a material's heat conduction capabilities across
diverse temperature ranges. A thin layer of graphite spray coating
was applied to the surfaces of the pellet to promote laser absor-
bance. The measurements were conducted at room temperature
with a 10 Joule/laser pulse. The density of the pellet was deter-
mined by the solid cylinder method.

The heat capacity measurements were obtained through TA
Instruments Differential Scanning Calorimeter (DSC) Auto
2500. DSC consists of a single furnace where samples and the ref-
erence undergo a heat-cool-heat cycle under a controlled temper-
ature program. The samples, encapsulated in an aluminum pan,
along with an empty reference pan are placed on a thermoelec-
tric disk surrounded by the furnace. As the furnace temperature
is changed at a constant rate of 10 �C/min, heat is transferred
to the sample and the reference; the differential heat flow is then
measured by area thermocouples. In this study, the pellets were
placed in hermetic aluminum pans, and the specific heat capac-
ity was measured over the temperature range of 0–36 �C at a heat-
ing rate of 10 �C/min.

The amplitude of heat flow is the sum of a heat capacity com-
ponent and kinetic component

q ¼ CpdT=dt þ f ðT ; tÞ
where q is the sample heat flow, Cp the sample specific heat
capacity, dT/dt the heating rate, and f(T,t) the kinetic response
at a specific temperature and time.

Nanoindentation
Nanoindentation measurements were performed on 25 locations
across the sample using a Berkovich diamond indenter to 2 mm
depth (KLA Instruments, iMicro). Hardness and Modulus were
calculated following the Oliver & Pharr method. Compression
of the micro-pillars was also performed using nanoindentation
with a 10 mm diameter diamond flat punch tip. The stress was
calculated based on the diameter of the pillar at half height
and the strain based on the undeformed pillar height above
the substrate. The yield strength was calculated as the maximum
stress upon deviation from the linear elastic loading regime, and
the failure strain was selected as the end of the ductile plateau.

Micro-pillar design
The micropillars were prepared by focused ion beammilling (FIB,
Hitachi NB 5000) with Ga+ ion source. A 40-kV accelerating volt-
age was applied for coarse milling of the pillar to a diameter of
5 lm. A 20-kV followed by 10 kV accelerating voltage were used
for final thinning of the pillar to reach 2 lm in diameter.

Neutron absorption
Neutron absorption measurements were carried out using the
McMaster Alignment Diffractometer (MAD) on Beamport #6 at
the McMaster Nuclear Reactor (MNR). The MNR is an open pool
reactor, currently operating at a power of 3 MW. Measurements
were performed using a monochromatic neutron beam
(k = 2.21 Angstroms or E = 16.75 meV) with a flux of approxi-
mately 5 � 105 neutrons/cm2/s at the sample position. Samples
were mounted in transmission geometry (2h = 0�), and posi-
tioned behind a 3 mm diameter Cadmium pinhole. Absorption



FIG. 1

Structural characterizations of spark plasma sintered h-BN (SPS h-BN). (a) SPS h-BN disk (one-inch in diameter) made from h-BN powders sintered at 1700 �C
and 90 MPa, for 1 hr. (b) X-ray diffraction shows all the Bragg peaks correspond to h-BN. (c) EBSD inverse pole figure mapping shows the presence of various
orientational planes for the SPS h-BN. (d), (e) Raman spectroscopy and FTIR spectra show in-plane E2g mode peaks with low full-width at half maxima,
indicating excellent crystalline quality. (f) Cross-sectional FESEM image shows a denser layer for the SPS h-BN disk within uniform distribution of boron and
nitrogen. Particle view of the disk shows the 2D-sheets like features. (g) HRTEM image showing moiré-like structures, and corresponding FFT image of two
different oriented layers (inset), with a rotation angle between them (blue and red circular spots, respectively) of �21.63�. (h), (i) Core-level XPS elemental
scans shows the B-N bonding peaks with a p-Plasmon peak, characteristics of h-BN. (j) Valence band spectra (VBS) show that the valence band maxima (VBM)
is �1.8 eV below the Fermi level (EF). (k) REELS show the band gap of �5.85 eV.
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coefficients were determined by comparing the transmitted neu-
tron intensity with and without sample in place. Transmitted
neutron intensities were measured using a helium-3 proportional
detector. A low efficiency U-235 fission counter was used as an
upstream beam monitor to normalize the intensity of the inci-
dent beam.

Density functional theory
Density Functional Theory (DFT) calculations were performed
within the VASP software [20], with the PBE/GGA approxima-
tion, a plane-wave basis set, and PAW pseudopotentials. A cutoff
of 550 eV was used in all calculations, and dispersion forces were
included using Grimme’s D3 method. A 2 � 2 � 1 supercell of h-
BN with two layers was modelled with a 9 � 9 � 7 Gamma-
centered k-point grid. Ionic relaxation was performed until forces
were less than 0.01 eV/Å. For compression simulations, the typ-
ically used static approach was employed, in which the ions are
relaxed for fixed values of applied compressive strain. Atomic
partial charges were calculated with Bader charge analysis.
Results and discussion
Structural characterizations of SPS h-BN
We employed SPS of micron scale h-BN powder to obtain a bulk
ceramic with conformal geometry (Fig. 1a) and performed exten-
sive structural and microscopic characterizations. The spark
plasma sintered h-BN (SPS h-BN) shows all the relevant Bragg
peaks in X-ray diffraction (XRD), which is further confirmed by
the electron back-scattered diffraction (EBSD) inverse pole figure
orientational mapping (Fig. 1b and c). Raman spectroscopy
shows in-plane E2g Raman peak with full-width at half maxima
(FWHM) of E2g peak is �12.58 cm�1 (Fig. 1d), confirming excel-
lent crystallinity of BN [21]. We also observed Fourier-
transformed infrared (FTIR)-active transverse optical (TO) mode
(Fig. 1e). Cross-sectional field-emission scanning electron micro-
scopy (FESEM) shows the dense layer of h-BN with uniform dis-
tribution of B and N, and the particle view shows 2D sheets-like
features with sizes �1–3 mm (Fig. 1f). High-resolution transmis-
sion electron microscopy (HRTEM) shows the moiré-like patterns
from SPS h-BN (Fig. 1g and Supporting information Fig. S1). The
45
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Fast Fourier Transform (FFT) image indeed shows two different
oriented layers, with a twisted rotation angle of �21.63�,
14.12�, and 8.99� (21.63� case is shown in inset of Fig. 1g) [3].
Furthermore, X-ray photoelectron spectroscopy (XPS) scans
shows the presence of B � N bonding with p-Plasmons peaks
(�9 eV apart from the main B-N peak), characteristic of h-BN
(Fig. 1h and i) [21]. Valence band spectroscopy (VBS) shows
the s- and p-bands and the valence band maxima (VBM)
of �1.8 eV, below the Fermi level (EF) (Fig. 1j). Finally, from
reflection energy loss spectroscopy (REELS), we obtain the high
bandgap value of SPS h-BN of �5.85 eV (Fig. 1k), similar to the
bulk h-BN [8].

The observation of Moiré for layered polycrystalline h-BN
ceramic is remarkable as this has only been obtained till now
for few-layer mechanically exfoliated twisted h-BN single crystals
showing intriguing properties [22,23]. The HTHP SPS process
possibly produces twisted layers through a combination of tem-
perature, pressure, and rapid sintering dynamics. h-BN layers
are held together by vdW forces. Under high-T conditions, these
forces allow the layers to rotate relative to each other [3]. The
applied pressure during SPS can induce shear stress between
the layers, which can cause rotational misalignment, leading to
the formation of twisted layers. Also, thermal expansion and
contraction between layers during the rapid heating and cooling
may also contribute in twist. All these factors facilitate the rela-
tive rotation and alignment of layers, resulting in a nanoscale
twist even in bulk h-BN induced by the SPS process.

We benchmark this SPS h-BN against a conventional lab-
synthesis sintering process for h-BN powder (CS h-BN, see
method section and Fig. S2). Structurally, we observe a few
key changes in SPS h-BN. The intensity of the (002) Bragg peak
is decreased, and shifted towards higher 2h values, indicating
the reduction in lattice d-spacing (Fig. S3). The SPS h-BN also
demonstrates a drastic increase in other peaks as well [3]. We per-
formed the Rietveld refinement of the XRD patterns and found
that the SPS h-BN sample is compressed along the c-axis
(�0.06 %), and expanded within the ab-plane (+0.16 %), provid-
ing a larger overall cell volume (+0.26 %) (Fig. S4). HRTEM anal-
ysis and strain mapping of SPS h-BN further shows the presence
of strain as well as in-plane lattice expansion (Fig. S5). Using the
Scherrer equation, we found that average grain sizes increased to
�35.0 nm as compared to �24.6 nm for the CS h-BN. This indi-
cates that SPS promotes crystallization and reorientation along
non-basal planes as well, despite the high surface energy of these
orientations [24]. Moreover, the cross-sectional FESEM image of
SPS h-BN demonstrates a highly dense material with minimal
porosity at the micron scale while the CS h-BN has a significant
number of voids and cracks (Fig. S6). From FESEM, we obtained
minute pore densities (�1.1 %) for SPS h-BN, as compared to
pore densities of �13.5 % for CS h-BN. This further suggests
the SPS promotes inter-grain fusions, in addition to the atomic
recrystallization, as noted by the XRD and EBSD analysis.

The measured density of the SPS h-BN is q = 2.05 � 0.04 g/cm3

which is 97.6 % of the theoretical density of bulk 2D h-BN
(�2.1 g/cm3). This is especially notable in comparison to the
CS h-BN which shows q = 1.35 � 0.03 g/cm3, comparable to prior
reports for typical lab-synthesized h-BN [11]. From XRD analysis,
we found that the SPS h-BN displays strong preferred orientation,
46
and the (001) orientation is prominently over-represented by
59.6 %. This suggests that grains in the SPS h-BN sample must
adopt a preferred orientation in order to reach such a high den-
sity. As such, we confirm the near-theoretical density resulting
from the SPS process which promotes inter-crystallite fusion,
minimizes porosity, and strains the atomic lattice thus creating
a denser microstructure [18,25].

Mechanical characterization of SPS h-BN
The SPS treatment of h-BN creates a high-density material which
is well suited to a range of industrial applications requiring
robust mechanical performance and stability. Nanoindentation
measurements of SPS h-BN indicate a drastic increase in Young’s
modulus (E) and Hardness (H) (Fig. 2a and b), respectively. The
SPS h-BN exhibits E = 69.7 � 3 GPa and H = 283.3 � 9 MPa,
which is higher than or comparable with sintered h-BN and their
composites from different synthesis methods [6,7,14,16,26,27].
These remarkable mechanical properties of SPS h-BN are espe-
cially stark in comparison to CS h-BN which exhibits minute
mechanical stability with both low mechanical hardness and
stiffness and is found to cleave easily by hand.

The yield strength (ry) of these brittle ceramics is further
shown by compressing focused ion beam (FIB)-cut micropillars
(Fig. 2c and Fig. S7). The SPS h-BN exhibits a high yield strength
of ry = 245.1 ± 39 MPa in stark contrast to the conventionally
sintered h-BN which offers a much lower yield strength.[3] Inter-
estingly, rather than a brittle response typical of bulk ceramics
and the CS h-BN [28,29], the SPS h-BN shows a ductile yield at
e = 3 % followed by an elongated stress plateau up to strains of
e = 11.5 % (Fig. 2d). This phenomenon is counter-intuitive for
a high-density ceramic material, and has been attributed to
twisted-layering of BN which offers high deformability due to
microcrack suppression by localized delamination between inter-
locked nanoplatelets [3]. This effect allows for both high
mechanical performance with incorporation of shock resilience
and energy dissipation, a characteristic which is nonstandard
for ceramics.

This failure mechanism can be further noted in the post-
failure pillar morphology (Fig. 2e and f). The CS h-BN micro-
pillar crumbles under mechanical loading indicating a high
degree of interparticle fracture due to limited bonding and high
residual porosity during manufacturing, which is typical of
nanocrystalline ceramics by condensed powders [30,31]. Con-
versely, even upon yielding of the SPS h-BN, the micropillar mor-
phology is maintained without extensive crack propagation or
shear fracture. This is in accord with the enhanced intercrystal-
lite bonding and fusion noted in XRD and subsurface imaging,
which results in a highly coherent and mechanically robust bulk
ceramic material.

Dielectric and thermal properties of SPS h-BN
h-BN is widely considered to be the most promising gate insula-
tor in 2D electronics [32]. For bulk h-BN, the calculated static
dielectric constant in the out-of-plane direction (j\) is �3.76,
and the in-plane dielectric constant (j||) is �6.93 [9]. h-BN is free
of dangling bonds and shows advantage over conventional insu-
lators such as SiO2 or HfO2, which typically exhibit large densi-
ties of dangling bonds at the interfaces with 2D materials [33].
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The bandgap of dielectrics is also important in achieving a favor-
able band offset with the target channel material. Typically, high
bandgaps materials have relatively low-j, whereas low bandgap
materials show high-j, but suffer from large leakage currents
due to the lower bandgap and unfavorable band offset. There-
fore, achieving higher j of SPS h-BN, would enable excellent gate
control, essential for semiconductor devices.

Thus, considering the high theoretical density with compact-
ness, we investigated the temperature and frequency-dependent
static j and dielectric loss of bulk SPS h-BN. Surprisingly, for SPS
h-BN, we obtain a much higher jk �10.78, j? �9.01 (at 1 kHz)
and jk �9.35, j? �8.24 (at 100 kHz), which is beyond the theo-
retically calculated values (Fig. 3a and b) [9]. In addition, we also
have shown dielectric loss (inset of Fig. 3a and b). There is little
temperature dependence of the dielectric constant across the
temperature range due to high thermal stability of h-BN. The
measured j beyond the theoretically calculated values might be
attributed to the charge induced from non-basal plane recrystal-
lization, and twist between layers [3,22], which increases the ion-
icity due to a change in the local charge distribution. A small
peak at �475 K might be attributed to the random motion of
nano-sheets across multiple measurements at elevated tempera-
ture. The magnitude of this change is too small to be associated
with a phase transition [34]. We also examined the temperature
dependent XRD of SPS h-BN, showing an absence of structural
changes (h-BN is stable against temperature), except the thermal
FIG. 2

Mechanical properties of SPS h-BN. (a) Young’s modulus, (b) Hardness, and (c)
sintered h-BN (SPS h-BN). As seen, SPS h-BN shows multi-fold increment in Youn
test of SPS h-BN. A ductile yielding is noted at e = 3 % followed by a plateau unt
loading and results in a powder-like morphology. (f) SPS h-BN pillar still remains
and shear fracture after failure.
expansion related changes in 2h-values (Fig. S8). Interestingly,
for h-BN single crystals, it has been observed that twisted bi-
layer material shows out-of-plane electric polarization [22,23].
We also investigated the polarization vs. electric field for our bulk
SPS h-BN since it also shows twisted layers; however, we found
the absence of hysteresis within the applied electric field
of ± 11 kV/cm (which may not nullify the possible presence of
polarization at the nanoscale or at higher applied field) (Fig. S9).

The thermal conductivity (KÞ of h-BN is important for thermal
management and energy-conversion of devices [35]. To deter-
mine the room temperature K of h-BN, we measured the thermal
diffusivity ðaÞ with the laser flash method, the specific heat
capacity (CpÞ with differential scanning calorimetry, the density
(q) with the solid cylinder method, and finally implemented
the relation K ¼ Cpqa. We obtained the temperature-dependent
specific heat capacity (CpÞ within 0–40 �C (Fig. 3c). Laser flash
method data (temperature rise vs. time) were fitted with the
Dusza combined model (Fig. 3d) [36]. For SPS h-BN, we obtained
a = 13.1 � 10�6 � 5.8� 10�8 m2/s, Cp = 696 � 40.8 J/(kg-K), yield-
ing a K = 18.72 � 1.6 W/(mK) at room temperature, which is
comparable with other fully dense ceramic materials.[37] In con-
trast, for CS h-BN, we obtained K = 5.17 � 0.6 W/(mK), compa-
rable to the through-plane K z of h-BN (�2�5 W/mK) [38]. The
laser flash method data for the SPS h-BN also shows much
smoother rise due to its compactness with reduced porosity (in-
set of Fig. 3d).
Yield Strength of conventionally sintered h-BN (CS h-BN) and spark plasma
g’ modulus mechanical hardness, and yield strength. (d) Stress–strain failure
il e = 11.5 % failure strain. (e) CS h-BN pillar crumbles under the mechanical
intact under the mechanical loading but with evidence of crack propagation
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FIG. 3

Dielectric and thermal properties of SPS h-BN. (a) Temperature-dependent and (b) frequency-dependent static out-of-plane and in-plane dielectric constant
of SPS h-BN. Inset shows the dielectric loss in respective cases. The dielectric constant is found to be much higher than the pristine bulk h-BN. The
temperature and frequency dependency show negligible variation in the dielectric constant with low loss. A small hump in a temperature-dependent case is
attributed to the randomness of sheets and ionic movements. (c), (d), Temperature-dependent specific heat capacity, and Dusza combined model fitting of
the laser flash method temperature rise vs. time data, for conventionally sintered h-BN (CS h-BN) and spark plasma sintered h-BN (SPS h-BN). Inset shows the
zoomed version of the temperature rise vs. time data plot for SPS h-BN. The SPS h-BN also shows a smoother temperature rise profile with less noise due to
high density and less porosity.
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Regarding the K value, there are several factors which affect
the ultimate value such as crystalline structures, orientations
and grain sizes. Mateti et al, reported that the h-BN sintered at
1800 �C showed K of �25 W/mK, which enhances with the sin-
tering temperature [5]. With increasing SPS temperature, the
grain sizes and density increase with less porosity, resulting in
reduced phonon scattering and higher K. Recently, it was also
shown that h-BN sintered at 1700 �C, resulting in a K �3.3 W/
mK [39]. Effective phonon scattering by pores (high pore density
reduces the mean free paths of the phonon) is a factor that
reduces K. Interestingly, it was found that for twisted h-BN lay-
ers, the K becomes even much lower than pristine non-twisted
h-BN layers [40,41]. Therefore, the sintering temperature/pres-
sure (which affects the crystallinity and microstructure) is crucial
and we note K value commensurate with similar SPS conditions.
The K value for SPS h-BN is attributed to the enhanced thermal
diffusivity and reduced phonon-scattering, a consequence of
the twisted layers and inter-granular fusion resulting in less
porosity and enhanced thermal transport [40,42]. In addition,
with an increase in density and inter-grain fusion, the surface
area among adjacent particles increases along with enhanced
cross-linking which significantly reduces the interfacial thermal
resistance [43]. Furthermore, for SPS h-BN, from XRD we have
seen that the basal planes of the h-BN particles are oriented along
the out-of-plane direction of the disk. Since h-BN particles pos-
48
sess highly anisotropic thermal conductivity, thus this would
also contribute to enhance the K. High K of dense SPS h-BN cera-
mic offers promises in critical thermal management and heat dis-
sipation for controlled performances.

Neutron radiation shielding phenomena of SPS h-BN
As h-BN is a mechanically robust B-rich material, we investigated
the performance of SPS h-BN in neutron shielding applications.
With the renewed global focus towards nuclear microreactors,
nuclear-powered submarines, and the safe transportation of
spent nuclear waste, there is a drastic need for a high efficiency
neutron shield that is lightweight and mechanically robust
[44,45]. Using a monochromatic thermal neutron beam with
an incident energy of Ei = 16.75 meV (k = 2.21 Å) and an incident
flux of �5 � 105 neutrons/cm2/s, we evaluate its shielding perfor-
mance in comparison to conventional shielding and scattering
materials (Fig. 4a). The thermal neutron shielding is quantified

by the neutron attenuation coefficient l ¼ ln I
I0
ð�t�1Þ where I0

and I are the incident and transmitted beam intensities, and t
is the material thickness (in cm scale).

The SPS h-BN shows exceptional shielding capabilities with m
=42.75 cm�1 that result in 98.25 % neutron shielding for 880 mm
material thickness (Fig. 4b). This value of m is 89 % of the ideal
theoretical value for stoichiometric h-BN with natural isotopic
abundance (80 % 11B and 20 % 10B) indicating a near-perfect



FIG. 4

Thermal neutron radiation shielding of SPS h-BN. (a) Thermal neutron shielding of spark plasma sintered h-BN (SPS h-BN) ceramic disks and their
comparisons with the common neutron absorption and scattering materials. (b) Neutron attenuation coefficients, highlighting the outstanding shielding
efficiency of SPS h-BN.
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density of h-BN particles with few voids or defects within the
material [46]. This absorption coefficient is also much higher
than the CS h-BN absorption measurements, likely due to void
density within the material [47,48]. Additionally, the m value
shows no thickness dependence as expected for high density
materials (Fig. S10). It should be noted that besides strong neu-
tron radiation, high temperature is usually present in the reactor.
However, reactor applications typically include temperatures
from room temperature up to �300 �C and pressures up
to �11 MPa. Considering h-BN’s excellent thermal stability,
XRD from room temperature to 500 �C shows no significant
structural changes (Fig. S8) and thus the temperature depen-
dence of the neutron attenuation coefficient changes will be neg-
ligible. Conventionally, to achieve lightweight neutron
shielding, h-BN or atomic B have been incorporated in polymer
composites showing as high as m =34 cm�1 [49]. In contrast, the
combined mechanically robustness and neutron shielding of
pure h-BN ceramics prepared by SPS indicate that pure h-BN
serves as lighter and stiffer high-performance materials for neu-
tron attenuation.

The high-density and consequent exceptional functional
properties (Supporting Tables S1, S2, and S3) also raises funda-
mental question about the structural stability of h-BN (e.g.
changes in layer stacking with possible twist, lattice distortion,
predominantly sp2 bonded h-BN with some fraction of sp3

bonded c-BN or the metastable super-hard wurtzite w-BN due
to applied internal or external stimuli [3,50,51]. SPS h-BN shows
lattice distortion and moiré-like pattern, however, we did not see
any signature of w-BN or c-BN related peaks in the Raman spec-
troscopy (inset of Fig. S11), except the highly-intense E2g h-BN
peak throughout the sample, which indicates that the struc-
ture–property correlations are associated to pure phase crys-
talline h-BN. In addition, once the dense h-BN is formed it
does not show structural changes and remains highly stable over
time, without other phases (Fig. S12). To correlate the SPS param-
eter dependent structural variations with properties, if any, we
also sintered samples with varied temperatures and pressure
(e.g. 1700 �C/45 MPa and 1600 �C/90 MPa), and corresponding
structure-properties are summarized (Fig. S13 and Table S4). In
agreement with other reports (Table S3), with increasing temper-
ature, the grain sizes and density increase [5,39]. As shown, with
increasing SPS temperature, the h-BN shows increase in non-
basal plane crystallinity and grain sizes, and produces different
twisted layer (Fig. S13) [3]. Lower temperature/pressure SPS h-
BN samples does not show any significant changes in lattice
parameters or cell volume compared to the CS h-BN, and both
have almost similar grain sizes (whereas the 1700 �C/90 MPa sin-
tered sample shows much larger grain size with lesser porosity
(Table S4)). We also measured the mechanical and dielectric
properties, also showing the enhancement/modulation with
increasing temperature/pressure (Table S4). Notably, E increases
with increasing temperature, while H increases with pressure,
while the combination of both is achieved at 1700 �C and
90 MPa SPS conditions. Twist coming as an additional factor
helps in providing more mechanical strength, but might affect
in reducing the K [3,40]. All these shows a strong correlation
between structure-properties of the resulting h-BN ceramics
which can be tuned by the SPS parameters.

We also performed density functional theory (DFT) calcula-
tions of distorted h-BN lattice, in order to investigate the change
in mechanical and dielectric properties (Figs. S14 and S15). From
calculations, the stiffness values are found to be the almost same
for both pristine and distorted h-BN, �44.6 GPa (out-of-plane),
similar to previous reports [52]. Our calculations also suggest that
the SPS h-BN is close to the ideal monocrystal modelled by DFT.
Furthermore, the slight lattice distortions that was experimen-
tally observed do not lead to the high dielectric properties as cal-
culated theoretically. The unique mechanical properties were
related to twisting of layers and this structural feature could also
be responsible for the anomalous properties that we have
observed in the SPS h-BN. We have performed DFT calculation
based on twist angle as well, which does not show any significant
impact on E and j (Fig. S16) [3]. As mentioned earlier, twisted h-
BN shows ferroelectricity, which can exhibit spontaneous polar-
ization that can be reoriented by an external electric field, con-
tributing to a higher dielectric response. However, SPS h-BN
shows the absence of polarization (which may not nullify its
presence at the nanoscale). The high-j than the bulk thus could
49



R
ESEA

R
C
H
:O

rig
in
al

R
esearch

RESEARCH Materials Today d Volume 86 d July 2025
be due to an increase in ionicity due to a change in local charge
distribution as a result of unique microstructures. In addition,
the grain sizes and grain boundary can also induce the interfacial
polarization. Thus, at present, one can hypothesize that synergis-
tic effects of lattice distortion, layer twisting, non-basal plane
crystallinity increases the polarizability (mainly ionic), confine-
ment effects and enhanced interfacial polarization which possi-
bly increases the dielectric constant. Nevertheless, it requires
further experiential and computational study which will enable
careful optimization for these high-promise bulk ceramics.

Conclusion
We obtained near-theoretically dense pure phase crystalline bulk
h-BN ceramics from micron-scale h-BN powder, by using a high-
temperature spark plasma sintering process. We demonstrate SPS
h-BN’s anomalous properties, beyond intrinsic theoretical pre-
dictions, due to the synergistic effects of SPS induced non-basal
plane crystallinity, twisting of layers, and inter-grain fusion.
These findings are significant for two-dimensional h-BN due to
its potential applications spanning manufacturing tools, energy
storage devices, critical thermal management, aerospace engi-
neering, and radiation shielding safety for nuclear energy. Our
methodology highlights the novel approach in producing
high-density bulk materials by twisting of 2D layers and
through-thickness interconnections, exhibiting distinct proper-
ties amongst ceramic materials.
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