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Phase stability of boron nitride (BN) polymorphs at elevated tem-

perature is perplexing due to their complex nucleation and growth

kinetics, nevertheless, holds great significance in fundamental

science and technology. Therefore, the phase-transformation

of three-dimensional cubic BN (3D c-BN) to a two-dimensional

hexagonal BN (2D h-BN) or vice versa, remains an exciting domain to

explore. Here, we used temperature-dependent spark plasma sintering

on 3D c-BN, enabling phase transformations to a mixed phase of

3D/2D c-BN/h-BN material and ultimately to 2D h-BN. The phase

transformed 2D h-BN ceramic features an extremely high density

reaching B90% of the theoretical limit, and exhibits excellent room

temperature thermal conductivity and mechanical properties. Our

findings provide valuable fundamental insights into the complex phase

diagram, the relative stability regimes and boundaries of 3D c-BN and

2D h-BN phase, with the exhibition of functional properties, pivotal for

extreme environments sustainable material-based technology.

Introduction

Polymorphs of boron nitride (BN) are unique ultrawide-bandgap
materials showing a plethora of functional properties,

including electrical insulations, elevated temperature oxidation
and corrosion-resistant coatings, high mechanical strength,
excellent radiation shielding and thermal conductivity.1–4

These makes BN as a valuable material for applications in
extreme environments across various industries including engi-
neering, aerospace, electronics, energy and defense.1–4 The
most common polymorphs of BN are two-dimensional hexago-
nal boron nitride (2D h-BN) and three-dimensional cubic boron
nitride (3D c-BN).1,2 The 2D h-BN has a layered hexagonal
crystal structure (a = 2.504 Å, c = 6.661Å) analogous to
graphite.2 It is the most stable polymorph of BN and possesses
the lowest energetic orientation along the [002] plane. h-BN is
an electrical insulator (band gap Eg B5.9 eV), chemically inert,
and possesses excellent thermal conductivity.2 It is often used
as a solid-state lubricant, for thermal management, and in
high-temperature applications.5 On the other hand, c-BN lattice
has a cubic structure (a = 3.61 Å) and is analogous to
diamond.6–8 c-BN holds significant importance due to its
exceptional properties and versatile applications in various
industries. It is the most stable polymorphic form, and the
lowest energetic facet is along [111].9,10 The band gap of the
cubic phase is higher (Eg of B6.3 eV) than its 2D phase, which
makes c-BN a better insulator than h-BN. c-BN is hard with
Vickers hardness (Hv) B62 GPa.1 Therefore, due to its excep-
tional hardness c-BN holds significant importance as wear
resistance, and useful as an abrasive for cutting tools, grinding
wheels, crucibles, and drills.3

The elevated temperature stability and phase transforma-
tions of BN polymorphs are non-trivial and puzzling, and a
clear understanding of their phase formation kinetics, and
property evaluations is lacking.11–22 It is well known that in
ambient conditions, the most thermodynamically stable BN
phase is h-BN, and at high-temperature and high-pressure
(HTHP) it transforms into c-BN.1,2 There has been a debate
regarding the phase stabilization of c-BN; several reports claim
it to be a metastable phase formed only under HTHP
conditions.8 However, several reports also suggest that c-BN is
the most stable phase at ambient conditions, while the phase
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transformation (c-BN - h-BN) could occurs due to the complex
thermodynamics, growth kinetics, grain size variations and
impurities.13–21 Therefore, experimental exploration and com-
prehensive understanding of the HTHP stable phases of BN is
important and relevant for extreme conditions applications.23

Different phases of BN have diverse properties, and being able
to control/tune their phase formation allows the designing of
BN based materials and composites with specific characteris-
tics for various applications.3,4,24–30 Accordingly, experimental
investigation of BN phase stability and phase transformations
remain an exciting area of unexplored/challenging field of
research, with the observations of novel functionalities.

Here, we explored the temperature-dependent phase evolu-
tion of bulk 3D c-BN by using the spark plasma sintering (SPS)
process. With the increase in SPS temperature, we observed
that 3D c-BN transforms to mixed-phase 2D/3D c-BN/h-BN
material and finally to 2D h-BN. Moreover, the transformed
h-BN ceramic exhibits excellent thermal conductivity and
Young’s modulus, with achieved B90% theoretical density of
h-BN. These findings hold great potential in advancing our
fundamental understanding of BN’s phase diagram at elevated
temperatures and in exploring the potential applications of
dense and hard h-BN in extreme condition technology.

Results and discussion
Structural, chemical, and microscopic characterizations

The investigation begins with the validation of phases through
comprehensive characterization of as received c-BN powder by
using various techniques, such as X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), field-emission scanning elec-
tron microscope (FESEM), Raman spectroscopy, and Fourier-
transform infrared spectroscopy (FTIR), which shows all the
characteristics features of c-BN (Fig. 1, left panel). For instance,
XRD shows the clear and sharp (111) peak, which is the most
stable facet of c-BN, along with other diffraction peaks
(Fig. 1a).31–33 XPS shows the B–N bonding related peaks
(Fig. 1b). In the XPS c-BN does not show p-Plasmon peaks (at
B9 eV apart from the main B–N peak), a key feature distin-
guishing c-BN from h-BN (Fig. 1b).31,34 FESEM demonstrated
the 3D particle-like morphology with particle sizes of 1–2 mm
(Fig. 1c). In Raman spectra, c-BN exhibited two sharp peaks at
B1054 cm�1 (transverse optical, [TO]) and at B1304 cm�1

(longitudinal optical, [LO]) (Fig. 1d).32,35 The FTIR of c-BN
shows a characteristic TO peak at B1054 cm�1 (Fig. 1e). The
primary bonding in c-BN is predominantly covalent, with a
slight ionic character, which indicates the presence of both LO
and TO phonon modes in the Raman spectra.32 The intensity of
LO and TO Raman modes is also correlated with the orientation
of c-BN, because it is revealed that (111) plane-oriented c-BN
shows a stronger TO peak than LO.32

For the powdered c-BN, we also observed a similar feature
consistent with the observation of intense (111) peaks in XRD.
Furthermore, we performed High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)

showing crystals with sharp edges (Fig. S1, ESI†). Energy dis-
persive spectrum (EDS) mapping shows a uniform distribution
of B and N elements indicating the homogeneity with a B : N
ratio of B1 : 1 (precisely 51.16 : 48.69). All of these observations
confirm the predominantly (111) oriented c-BN, with particle
sizes of B1–2 mm.

We conducted SPS, a high-temperature pressure self-
densification process, on c-BN powders at various tempera-
tures, ranging from room temperature up to the maximum
achievable elevated temperature of 2200 1C, while maintaining
a pressure of 90 MPa. Up to the temperature of 1250 1C, c-BN
phase remained unchanged (Fig. S2–S4, ESI†). As the tempera-
ture increased to 1500 1C, we observed its susceptibility to
changes (Fig. 1, right panel). To analyze the c-BN after SPS
sintering, we again employed XRD, XPS, FESEM, Raman
spectroscopy, and FTIR spectroscopy. The XRD results although
only showed c-BN related peaks, but interestingly, the surface
sensitive XPS analysis revealed the presence of p-plasmon
peaks related to h-BN (Fig. 1b, inset, right panel), which were
not present in the pristine c-BN case.31,34 Moreover, the Raman
peaks intensities of c-BN also became significantly weaker,
whereas FTIR exhibited a clear h-BN related infrared (IR)
active vibrational phonon mode at B1385 cm�1 (in-plane
stretching).36 The volume fraction of the c-BN or h-BN content
in BN is many cases are estimated from FTIR.31,32,37 Lower FTIR
intensity of h-BN peaks indicates a small fraction of h-BN
contained in c-BN. These characterizations of the c-BN powder
after SPS at 1500 1C and 90 MPa thus indicate its predomi-
nantly cubic phase (c-BN), with some traces of the hexagonal
phase (h-BN), implying BN’s overall mixed-phase configuration.

The high-resolution transmission electron microscopy
(HRTEM) images revealed a mixed phase of the sample as well.
Fig. 2a shows a TEM image of two particles, c-BN and the h-BN,
which varies from 0.45 mm to 1.8 mm after one-hour sonication,
consistent with the FESEM (Fig. 1c). The atomically resolved
arrangement of the particles validates their respective phases as
follows: cubical for c-BN and hexagonal for h-BN. The magni-
fied image of the region of interest (ROI) (Fig. 2b, red square)
with overlapped c- and h-BN areas and atomic resolution TEM
image of c-BN lattice (Fig. 2b, white dashed square) is shown in
Fig. 2c. Because the h-BN particle was considerably thicker than
the c-BN particle, getting a good atomic resolution image from
TEM was not trivial. However, the difference in phases is
apparent by analyzing the selected area electron diffraction
(SAED) images (Fig. 2d and e). The SAED aperture limited the
exposure area to the circles labelled 1 and 2 (Fig. 2a).
By measuring the angles and distance ratios between diffrac-
tion spots, we could compare them with simulated results
(Fig. 2f and g)38 to determine the orientation of each particle.
Region 1 shows (110) c-BN, whereas region 2 shows (10%10) h-
BN. Therefore, HRTEM with SAED confirms the mixed phase
nature of BN, after the SPS at 1500 1C and 90 MPa pressure.

Subsequently, we further increased the temperature, per-
formed the SPS at 1700 1C and 90 MPa pressure for 1 hour, and
characterized the sample with the techniques mentioned above
for pre and post SPS treatment, (Fig. 3). The SPS treatment at
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1700 1C, we observed a phase transformation of 3D c-BN to 2D
h-BN. XRD displayed the emergence of all peaks associated with
h-BN, including the prominent (002) peak at B26.51.36 In XPS
analysis, clear p-plasmon peaks (separated by B9 eV from the
main peak) appeared alongside the B–N bonding peaks.34

FESEM illustrated sheet-like features with lateral sizes
B5 mm. Raman spectra indicated only a peak at B1367 cm�1,
corresponding to the symmetric in-plane stretching of B–N.36

In addition, FTIR revealed the presence of in-plane stretch-
ing TO vibration modes, characteristic of h-BN. Under the
HRTEM and SAED image (Fig. S5, ESI†), (10%10) orientation of
h-BN is observed from plane normal N(hkl). The inter-planar d
spacing of the (002) plane is increased (B3.32 Å) (Fig. S6, ESI†),
as compared with traditional h-BN (d002 B3.30 Å).36 Increased d
spacing of (002) peak is usually found during the crystallization
of h-BN.39 Moreover, the density (r) of the sintered h-BN disk is

Fig. 1 Characterizations of c-BN, before and after the SPS at 1500 1C, and 90 MPa pressure. (a)–(e) XRD, XPS, FESEM, Raman spectroscopy, and FTIR
spectra. Inset of XPS (right panel) (after the SPS) shows the plasmon peaks corresponding to h-BN. FTIR also shows the formation of mixed phase 3D/2D
c-BN/h-BN, after the SPS.
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1.8� 0.1 g cm�3 (B90% of the theoretical h-BN r ofB2.1 g cm�3).40

We also performed SPS at the same 1700 1C with lower pressure of
45 MPa (for 1 hour), and at maximum achievable high temperature
of 2200 1C and 90 MPa pressure (for 30 min) (Fig. S7 and S8, ESI†).
Both of the cases show the conversion to h-BN, however, with the
signature of lower crystalline quality because the Raman peak
intensity is found to be much weaker (Fig. S7 and S8, ESI†) than
the 1700 1C and 90 MPa pressure case (Fig. 3). This indicates
temperature, in correlation with applied pressure and time plays
an important role in c/h-BN formation kinetics. Nevertheless, all of
the above observations undeniably confirm the transformation of 3D
c-BN to a denser 2D h-BN phase (Fig. 4), when the SPS is performed
at elevated temperature.

Regarding the complex BN phase transformations, Soloz-
henko et al., calculated that c-BN - h-BN conversion occurs at
temperatures ranging from B1000 1C to 1800 1C, driven by the
increase in vapor pressure as the temperature rises, owing to an
endothermic reaction.13 Wolfrum et al., demonstrated that low
pressure can convert 3D c-BN into 2D h-BN attributed to the
presence of potential boron oxide (B2O3) impurities acting as
catalysts, influencing the phase transformations.41 Sachdev
et al., observed that the grain size of c-BN and the presence
of B2O3 impact the phase transformation, with the conversion
temperature of B900 1C (for grain size B1.5 mm) and B1500 1C
(for grain size B600 mm), thereby affecting the activation kinetics.42

In a recent study Cahill et al., investigated the size-
dependent transformation of c-BN particles under a helium
atmosphere and found that the growth of h-BN depends on
both time duration and temperature.40 Along with the pressure

and temperature, it has been argued that grain size and density
play a crucial role in the phase transformations.40,42–44 Argu-
ably, our work is the first experimental observation of pristine
c-BN - h-BN phase transformation at elevated temperature
(Z 2000 1C), without any additives (Mg or Si based catalysts) or
any B2O3 phase (Fig. S9, ESI†).

Regarding the phase transformation mechanism, the cur-
rent c-BN - h-BN transformation shares a considerable part
with the chemically analogous diamond - graphite phase
transformation. Graphitization of cubic structures such as
diamond and c-BN has long been attracting a consistent
interest.45–47 driven by the industrial relevance, emergence of
2D nanomaterials, and adaptation of new processes like
SPS.48,49 A consensus is reached that the graphitization of cubic
diamond powder on a micron scale is a surface energy-driven
transformation, transitioning into polycrystalline graphite as
the particle size increases.43,50,51 Such surface energy-driven
graphitization is believed to be a rather general phenomena
applicable not only to diamond but also to c-BN structure, as h-
BN phase is predominantly observed near the surface and
grain-interface of c-BN particles.43 The HTHP conditions cause
the crystal structure of c-BN to undergo a phase transition,
where the sp3 hybridized carbon atoms in c-BN are transformed
into a sp2 hybridized structure similar to graphene in h-BN.
This phase transition is driven by the reduction of surface
energy associated with the formation of the layered h-BN
structure. To be noted for a surface-driven phase transforma-
tion is that a spontaneous transformation should occur for sub-
micron particles when sufficient thermal energy is provided,
regardless of the relative stability between the bulk phases.46

The transformation from the c-BN to the h-BN phase is similar
to the graphitization of diamond powder on a micrometer
scale, driven by surface energy. It is worth noting that h-BN is
commonly found on the surface of c-BN.40,41 Therefore, simply
mechanically grinding 3D c-BN to obtain 2D h-BN may not be
sufficient to achieve the desired transformation. Hence, the use
of SPS technique is also plays a key role to achieve the
transformation from 3D c-BN phase to 2D h-BN phase.
Recently, we have also shown that mixed phase c/h-BN trans-
form to h-BN with higher crystalline quality (in comparison
with the pristine h-BN), which suggests that c-BN possibly
favors the nucleation process of h-BN.31 Moreover, the high
density of the transformed h-BN (1.8 � 0.1 g cm�3) is also of
extreme importance for a wide range of applications. The
practical importance of densification of graphitic phase is that
it might favor thermo-mechanical properties, critical for
applications.52 Considering the time-consuming multi-step
graphite densification processes involved in current industrial
practice,53 SPS might feature a single-step conversion process
of dense graphitic material.48,49

Thermal conductivity measurement

The thermal conductivity (k) of h-BN is useful for critical
temperature management of devices. Therefore, we measured
the room temperature k of the fully transformed h-BN by
measuring the thermal diffusivity (a) with the laser flash

Fig. 2 HRTEM after the SPS at 1500 1C, and 90 MPa. (a) Overview TEM
image of h-BN and c-BN particles. (b) High-resolution image of the region
of interest (ROI) from (a) with c-BN particles on top of h-BN. (c) Magnified
region of c-BN from (b) showing atomic resolution. (d) and (e) SAED
patterns taken from areas 1 and 2 marked on (a), denoting regions of c-BN
and h-BN. (f) and (g) Simulated diffraction patterns of (110) c-BN and (10%10)
h-BN, used to determine the orientation of particles.
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method, the specific heat capacity (Cp) with differential scan-
ning calorimetry (Fig. 5a), the density (r) with solid cylinder
method, and ultimately by applying the relation k = Cp � r � a.
Laser flash method data (temperature rise vs. time) were fitted
with the Dusza combined model (Fig. 5b).31,54 We obtained
a = 2.72 � 10�6 m2 s�1, Cp = 678 J kg�1 K�1, yielding k B3.2 �
0.1 W mK�1. The results are validated by measuring k through
two independent h-BN disks (converted from c-BN by SPS),

showing similar values (Fig. S10, ESI†). In literature, SPS
(at Z 2000 1C) of pristine h-BN shows k of B35–280 W mK�1.55,56

Arguably, ours is the first demonstration of k measurement of phase
transformed h-BN. This k value is comparable to the measured
pristine h-BN without SPS (Fig. S10, ESI†), as well as with the
reported through-plane kz of bulk h-BN (B2–5 W mK�1).57–59 The
one order difference in k value reported in literature reported SPS h-
BN and our SPS processed transformed h-BN might be associated

Fig. 3 Characterizations of c-BN, before and after the SPS at 1700 1C, and 90 MPa pressure. (a)–(e) XRD, XPS, FESEM, Raman spectroscopy, and FTIR
shows the complete phase transformation of 3D c-BN (left panel) to 2D h-BN (right panel), after the SPS. The as-received c-BN powder and converted
h-BN disk is shown (20-mm diameter).
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with the phonon scattering due to random orientations, anisotropic
nature of h-BN (in which in-plane shows much higher k value than
the cross-plane) and the crystalline quality of h-BN nanosheets.60 It is
important to note that the obtained k value is influenced by the
measurement techniques.61 Specifically, laser flash method, a bulk
measurement technique, assesses k including defects, voids, grain
boundaries, and flakes oriented in all the random directions
(independent of orientations). These are the active-sites for phonon
scattering and thus induce possible reduction in the k. Our phase
transformed h-BN involves domains with characteristic length in
mm-scale. Furthermore, each c-BN particle converts into a polycrystal-
line h-BN domain, because the surface induced graphitization starts
from each facet of c-BN.43,51 Therefore, each mm-scale domain
possibly consists of multiple sub-mm grains due to polycrystallinity.
The hierarchical randomness involved in the sub-domain polycrys-
tallinity and the boundaries between mm sized domains may
dominate the scattering processes in phonon transport in bulk scale
measurement. Nevertheless, k of denser transformed h-BN might be

Fig. 5 Specific heat capacity and laser flash method results of phase transformed h-BN. (a) Temperature-dependent specific heat capacity of the phase
transformed h-BN determined by the differential scanning calorimetry. (b) Dusza combined model fitting of the laser flash method time-dependent
temperature, which was used to determine room temperature thermal conductivity.

Fig. 4 Phase stability of c-BN. With increasing temperature, phase trans-
formations occur from 3D c-BN to a mixed phase 3D/2D c-BN/h-BN and
finally to 2D h-BN.

Fig. 6 Nano-mechanical properties of phase transformed (upper panel) and pristine h-BN (lower panel). (a) and (d) Surface topography,
(b) and (e) adhesion force map, and (c) and (f) Young’s modulus mapping. (g) Gaussian distribution of the Young’s modulus of both the h-BN cases.
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useful for the tailored thermal conductivity and critical thermal
management-related device applications.

Nano-mechanical characterizations

The mechanical elasticity at nanoscale of entirely phase trans-
formed h-BN is measured using atomic force microscopy
operated in Peak force tapping mode (see Experimental sec-
tion). Nanoscale mechanical mapping has been carried out
through a stiffer probe (Si covered with native oxide, stiffness
25 N m�1) scanned over an area of 10 � 10 micron over mixed-
phase and pristine h-BN at a fixed normal force (400 nN). It is
observed that the elastic indentation varies between 3 to 50 nm
at different sites of the transformed h-BN (from c-BN) and
pristine h-BN. The stiffer regions deformed less than the softer
(Fig. S11, ESI†), influencing the contact mechanics as well as
surface chemistry (adhesion force values) between the probe
and the surface. The Young’s modulus values are measured
through the contact-mechanical model: Derjaguin, Muller,
and Toporov (DMT) and adhesion force values by measuring
F–D spectroscopy’s retraction part.62 The topography of trans-
formed h-BN and pristine h-BN disk surface are shown (Fig. 6a
and d). Nevertheless, the surface chemistry (distribution of
adhesion force values) and localized elasticity distribution are
distinguishable. In the transformed h-BN, the number of active
sites of adhesion force values are lower than the pristine h-BN,
reflecting higher inertness, hardness and hydrophobicity
(Fig. 6b and e). The modulus mapping reveals a higher number
of stiffer sites (blue in color) in the transformed h-BN as
compared with the pristine h-BN (Fig. 6c and f). It is expected
that the interfacial regions of the transformed h-BN phase are
responsible for higher stiffness regions, which are missing in
the pristine h-BN. The histogram distribution of 256 � 256 data
points showing the maximum counts values of Young’s mod-
ulus of transformed h-BN and the as-prepared pristine h-BN
ceramic disks are B10.47 GPa and B3.6 GPa, respectively
(Fig. 6g). This three-fold increase in hardness Young’s modulus
is attributed to the SPS densification process.44,63

Conclusion

In conclusion, we explored the stability of c-BN by using the
spark plasma sintering at different temperatures. We observed
the unique phase transformation from metastable 3D c-BN to
mixed phase 3D/2D c-BN/h-BN to finally to most stable 2D h-BN
at elevated temperature with a remarkably high B90% theore-
tical density of 2D h-BN. Our findings are important for
advancing the fundamental understanding of complex BN
phase diagrams and to accelerate in designing novel materials
that will survive at the extreme environments of very high
temperature. Moreover, thermal and nano-mechanical proper-
ties of transformed 2D h-BN hold promise in a wide range of
applications, e.g. cutting and machining tools, oxidation resis-
tance protecting layers, thermal management and thermal
barriers, aerospace and many other extreme environments
material based cutting-edge future technology.

Methods
Spark plasma sintering of cubic-boron nitride powder

We used commercially available (99.9% metal basis) c-BN
superabrasive mircopowder powders (1 to 2-mm particle size),
which were purchased from MSE suppliers (USA). The SPS of in-
house sintered pellets was carried out on an SPS 25–10 machine
(Thermal Technology LLC, California, USA) at a constant Uni-
axial pressing pressure of 45 or 90 MPa and a heating rate of
50 1C min�1 (at SPS facility in Texas A-&-M University, USA). The
maximum temperature was 2200 1C. Sintering was carried out
according to the following scheme: several grams of powder
were placed in a graphite mold (20 or 25-mm diameter) and
then placed in the sintering chamber under an initial pressure
of 5 MPa. It was held at B2 � 10�5 Torr for B30 min, and then
sintered for 60 or 30 min under atmospheric pressure of ultra-
high purity 5N (B99.999%) Argon gas medium. The tempera-
ture of the SPS process was controlled by an optical pyrometer
Raytek (Berlin, Germany) D-13127. After the SPS, pressure was
released slowly at B5 MPa min�1, whereas the temperature was
ramped down at B100 1C min�1. For h-BN disk (Bfew grams),
as-purchased h-BN powder was grounded in an agate mortar
and pestle for B30 min by adding a few drops of polyvinyl
alcohol binder. It was then high pressed (with 4 Ton Load) to
make a compact 1-inch diameter disk. The as-made pellet was
then sealed inside a quartz tube (in vacuum), and sintered at
1000 1C for 12 h in a box furnace. The ramping up and down
rate was B100 1C h�1.

Spectroscopic, chemical, and microscopic characterizations
(XRD, XPS, FESEM, FTIR, Raman spectroscopy, and HRTEM)

The XRDs were recorded by using the Rigaku SmartLab thin-
film X-ray diffractometer (Tokyo, Japan). It was performed at
40 kV and 40 mA, using a monochromatic Cu Ka radiation
source (l = 1.5406 Å) at a scanning rate of 11/min. XPS was
performed by using PHI Quantera SXM scanning X-ray microp-
robe with a 1486.6 eV monochromatic Al Ka X-ray source. High-
resolution core-level elemental B1s and N1s scans were recorded at
26 eV pass energy. FTIR was obtained by using the Nicolet 380 FTIR
spectrometer, and a single-crystal diamond window. Renishaw inVia
confocal microscope was used for the Raman spectroscopy mea-
surements by using a 532 nm laser as the excitation source. The
surface topography was obtained by FESEM (FEI Quanta 400 ESEM
FEG). For FESEM, we sputtered B10 nm gold on the surface to
avoid charging effect.

For the HRTEM, powders from the nanocomposite were
dispersed into the isopropyl alcohol solution and sonicated in
an ultrasonic bath for 1 hour. The solution was deposited on
the TEM grids by the drop-casting method, using pipettes, and
left to dry for 30 min. The HRTEM images were obtained via
aberration corrected Titan Themis3 (S)TEM at 300 kV accelerat-
ing voltage. HRTEM images were smoothed in ImageJ software
with a low pass filter, cutting out the higher frequencies in the
fast Fourier transformation. Camera length in the diffraction
patterns is 185 mm. Diffraction patterns were simulated using
the Materials Project website.64
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Thermal conductivity measurement

The thermal diffusivity of the 1-inch diameter pellets (after the
SPS) was measured with the laser flash method by using a
Linseis XFA 500 xenon flash thermal conductivity analyzer. A
thin layer of graphite spray coating was applied to the surfaces
of the pellet to promote laser absorbance. The measurements
were conducted at room temperature with a 10 J laser pulse.
The density of the pellet was determined by the Archimedes
method. The specific heat capacity of the composites was
measured utilizing TA instruments differential scanning calori-
meter auto 2500. The samples were placed in hermetic alumi-
num pans, and the specific heat capacity was measured
over the temperature range of 0–35 1C at a heating rate of
10 1C min�1.

Nano-mechanical characterizations

Atomic force characterization was performed with a Bruker
Dimension Icon placed in the insulation box over the anti-
vibrant stage. High-resolution (256� 256) mechanical mapping
was carried out by PeakForce-QNM (Quantitative Nanomecha-
nical Mapping), proprietary Bruker Ltd. The sharp Silicon
probe (model: OTEPSA; radii: 20 nm; stiffness: 25 N m�1) was
used to investigate the topography simultaneously with adhe-
sion force map and mechanical mapping. All measurements
are carried out at room temperature at relative humidity
(B35%). The elastic deformation is monitored under a normal
force of 400 nN through force–distance (F–D) spectroscopy,
where the ‘‘jump to contact’’ moment was used to measure
elastic properties using the Derjaguin, Muller, and Toporov
(DMT) model. The adhesion force map is measured through
‘‘pull-out’’ point during the retraction part of F–D curve.
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