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Small onion-like BN leads to ultrafine-twinned cubic
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ABSTRACT Nanotwinned cubic boron nitride (nt-cBN) with
remarkable hardness, toughness, and stability has attracted
widespread attention due to its distinct scientific and in-
dustrial importance. The key for nt-cBN synthesis is to adopt
an onion-like BN (oBN) nano-precursor and induce phase
transition under high pressure. Here, we found that the size
change of oBN used greatly affected the mechanical perfor-
mance of products. With the precursor size decreasing from
~320 to 90 nm, the Vickers hardness of nanostructured pro-
ducts improved from 61 to 108 GPa, due to the fact that large
oBN nanoparticles possessed more flattened, orderly and
graphite-like shell layers, in sharp contrast to the highly
wrinkled and imperfect layers in small-diameter nano-
particles, thus resulting in the apparent reduction of ultrafine-
twin substructure in the synthetic products. This study reveals
that only small oBN precursor could produce complete ul-
trafine nt-cBN with outstanding performance. A practical
route was proposed to further improve the performance of
this important material.

Keywords: onion-like BN, nanotwinned cBN, size effect, hard-
ness, high pressure and high temperature

INTRODUCTION
Cubic boron nitride (cBN) is a widely used superhard
material that plays an irreplaceable role in modern in-
dustry [1]. In addition to its high hardness, its excellent
thermal and chemical stabilities make cBN the best ma-
terial for cutting ferrous and carbide-forming hard sub-
stances where diamond completely fails. In comparison
with cBN single crystals, the polycrystalline cBN sintered
with metal or ceramic binder shows isotropic property,

excellent toughness and easy scalability [2,3]. The hard-
ness of this type of cemented polycrystalline cBN is
33–45 GPa [2,3], which is higher than those of heavy
transition metal carbides or nitrides but much lower than
that of diamond (~100 GPa) [4], thus limiting its appli-
cation to some extent. For decades, scientists and in-
dustrialists aimed to further improve the mechanical
performances of polycrystalline cBN [5–9].

Nano-structuring is an effective approach to strengthen
the mechanical properties of materials according to the
Hall–Petch law [10,11]. Recently, the nanopolycrystalline
cBN material has been synthesized by direct transition of
pyrolytic graphite-like BN (pBN) at high pressure of
~20 GPa and temperature of ~1,870 K. This type of
polycrystalline bulk has an average nanograin size of as
small as ~14 nm, thus resulting in a remarkably high
Vickers hardness of 85 GPa [5,6]. Further refinement of
the grain is nearly impossible due to the high synthesis
temperature, which promotes the growth of nanograins.
Another effective way is to achieve nanotwinning, be-
cause the coherent twin boundaries possess the excess
energy that is typically about one order of magnitude
lower than that of grain boundaries [12]. However, it is
also very difficult to obtain an entire or high-density
nanotwinning microstructure in ceramics. With the
highly puckered and defective onion-like boron nitride
(oBN) nanoparticles as precursor, the nanopolycrystalline
cBN with ubiquitous ultrafine nanotwin substructure,
called nanotwinned cBN (nt-cBN), has been successfully
synthesized under pressures of 12–15 GPa and tempera-
ture of 1,800–1,950°C [9]. The synthetic nt-cBN displays
ultrafine nanotwins with average twin thickness of
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3.8 nm, leading to the remarkable enhancement of
Vickers hardness up to 108 GPa (as hard as natural dia-
mond crystal), fracture toughness of 12.7 MPa m1/2 (3–4
times that of commercial single-crystal cBN), and oxidi-
zation temperature of ~1,294°C (~200°C higher than
single-crystal cBN) [9]. Following the same principle, the
nanotwinned diamond (nt-diamond) with unprecedented
hardness—two times higher than that of single crystal
diamond—has also been synthesized by compressing
onion carbon [13,14]. The continuous hardening to deep
nanoscale for nt-cBN and nt-diamond can be well-ex-
plained with Hall–Petch and quantum confinement ef-
fects [15].

The microstructures of high-pressure quenched mate-
rials are highly dependent on the initial precursors,
pressure, and temperature as well as the compression
history, which are determined by both kinetics and
thermodynamics. Apparently, using oBN nanoparticles as
precursor is the key to form high-performance nt-cBN
with ubiquitous, interpenetrating ultrafine nanotwins [9].
Detailed transmission electron microscopy (TEM) ob-
servation reveals that oBN nanoparticles with the size of
30–150 nm and numerous puckered layers with high
concentration of stacking faults inside could transfer to
cBN with dense lamellar {111} ultrafine twins in the na-
nograins [9]. In comparison, graphite-like hBN and pBN
with more flattened layers readily form nanograined cBN
but hardly form the ubiquitous nanotwin microstructure
[5,6]. Therefore, the structural features of starting mate-
rials would determine the microstructure of the trans-
formed products in BN system [5,6,8,9,16,17]. In
addition, the size effect of precursor is important, e.g.,
TiO2 anatase nanocrystals exhibit strong size-dependent
phase selectivity at high pressure [18]. This effect seems
straightforward but the intrinsic mechanisms are distinct
for different material systems. The intrinsic mechanism of
nt-cBN material has not been thoroughly investigated. In
this work, oBN materials with different nanoparticle sizes
were prepared, and then subjected to the appropriate
synthesis condition to obtain nanopolycrystalline cBN.
The significant influence of nanoparticle size of precursor
on mechanical properties of the final products was ana-
lyzed by multiple characterization methods. This study
provides a potential route to fabricate high-performance
nt-cBN material.

EXPERIMENTAL SECTION

Preparation of different-size oBN precursors
The oBN nanopowder with a wide particle size of about

30–400 nm was prepared by chemical vapor deposition
[19], and then a centrifuge (Heraeus Multifuge X3R
centrifuge, Thermo Fisher Scientific) was used to divide
the methanol-dispersed, prefabricated nanopowder into
oBN precursors of four sizes with 30–150 nm [9] (average
~90 nm, labeled as oBN90), 100–150 nm (average
~120 nm, labeled as oBN120), 150–250 nm (average
~200 nm, labeled as oBN200), and 250–400 nm (average
~320 nm, labeled as oBN320).

Synthesis of nanopolycrystalline cBN bulk products
The oBN precursor was prepressed into a pellet with
2.5 mm in diameter and 2 mm in height, and then sub-
jected to high pressure and high temperature (HPHT),
identical to previous report by Tian et al. [9]. The stan-
dard compress 10/5 sample assembly was used, which
consisted of a 10-mm spinel (MgAl2O4) + MgO octahe-
dron with a Re heater and a LaCrO3 thermal insulator.
Temperature was measured using a type W-Re thermo-
couples, and pressure was estimated from previously
obtained calibration curves at different temperatures [20].
Then, the nanopolycrystalline cBN bulk samples (labeled
as cBN90, cBN120, cBN200, and cBN320, respectively)
were synthesized by a 10-MN two-stage large-volume
multi-anvil system [21] under pressure of 15 GPa, tem-
perature of 1,800°C, and holding time of 30 min. Re-
covered samples were about 2 mm in diameter and
1.5 mm in height and polished for further analysis.

XRD, Raman and TEM analyses
The phases were identified through X-ray diffraction
(XRD) (Bruker D8 Discover) with Cu Kα radiation (λ =
0.15406 nm, 40 kV, 40 mA). Raman spectrum was ob-
tained using a Horiba Jobin–Yvon LabRAM HR-Evolu-
tion Raman microscope and a laser radiation of 532 nm.
The morphologies of the precursors were characterized
by TEM (JEM-2010) with an accelerating voltage of
200 kV. High-resolution TEM (HRTEM) images were
characterized by Titan ETEM G2 with an accelerating
voltage of 300 kV. For better analysis, the orthogonal
sample pieces (5 μm×8 μm×0.1 μm) were prepared using
focused ion beam (FIB, FEI SCIOS). The grain distribu-
tion of the pieces was counted from bright-field TEM
images (Talos F200X).

Hardness and fracture toughness measurements
The indentation test was performed on a polished sample
surface by using a microhardness tester (KB 5 BVZ). The
adopted loading time was 30 s, and a 20-s dwell time was
kept at the peak load. For each sample, at least 5 in-
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dentations were performed at different locations with
increasing loads of 0.98–9.8 N. The Vickers hardness (Hv)
was determined from Hv = 1854.4F/L2, where F is the
applied load and L is the mean of the two diagonals of the
indentation in micrometers (μm). Five hardness in-
dentations were obtained at each load, and the hardness
was determined from the asymptotic hardness region.
The radial cracks formed in the bulk sample at load of
9.8 N were used to calculate the fracture toughness (KIC)
with the equation [22,23] KIC = 7.42 × 10−2F/L1.5, where L
(μm) is the average length of the radial cracks measured
from the indent center and F (N) is the applied load,
respectively. The Knoop hardness (Hk) at a load of 4.9 N
was also measured with the same parameters for com-
parison. The Hk is defined as the applied load F (N) di-
vided by the projected area of the indentation after
unloading: Hk = 14229F/d2, where d is the major diagonal
(longer axis) length of the Knoop indentation in µm. The
hardness indentations were imaged by the scanning
electron microscope (SEM) (FEI SCIOS). To get clear
indentation and crack with SEM, the polished sample
surface was firstly sprayed with thin Pt of about 5 nm
thickness before hardness testing.

RESULTS AND DISCUSSION
To obtain oBN precursors of various sizes, we firstly
prepared nanopowder with grain size of 30–400 nm by
chemical vapor deposition [19], and then four kinds of
oBN precursors were separated by high-speed centrifuge:
oBN90, oBN120, oBN200 and oBN320. oBN90 was pre-
pared in accordance with our previous work [9]. The
microstructures of the four oBN precursors were char-
acterized by HRTEM, as shown in Fig. 1a–d. Although
each precursor has a similar Matryoshka-doll-like onion
structure, their sizes and internal microstructures are
distinct, e.g., small oBN90 and large oBN320 (Fig. 1a and
g). The shell layers of large-diameter oBN are more flat-
tened, ordered and less defective due to the smaller ex-
ternal curvature, compared with those of small-diameter
oBN. Theoretically, with the increase of particle size, the
outermost shell of oBN is closer to the general graphite-
like hBN layers [24]. To further characterize the pre-
cursors, XRD and Raman spectra were performed (Fig. 1e
and h). With the increase in particle size, no appreciable
difference of XRD patterns was observed, and only the
full-width at half-maximum (FWHM) of the diffraction
peak at 2θ ≈ 25° became slightly narrow (Fig. 1e). Given

Figure 1 Characterization of the starting oBN nanoparticles with different size. (a–d), TEM images of oBN90, oBN120, oBN200 and oBN320,
showing the size change. The inset in (a) is the HRTEM image corresponding to the marked white-box area, showing numerous defects including
puckering, bending and stacking faults in the shell layers of oBN90. (e) XRD patterns of oBN precursors. Their interlayer spacings are
0.351–0.348 nm, which is larger than the (002) reflection of hBN 0.3328 nm. (f) Schematic of size division in a large oBN nanoparticle. The large oBN
can be simply seen as the small one packaged with extra BN shells possessing smaller curvatures. (g) HRTEM image corresponding to the marked red-
box position in (f), showing a more flattened, ordered and less-defective graphite-like microstructure in the shell layers of large oBN, in sharp contrast
to the rich defects of oBN90 (see inset of (a)). (h) Raman spectra of oBN precursors. Above the size of 120 nm, a sharp Raman peak at about
1,370 cm−1 is present, which corresponds to the E2g mode of hBN.
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that Raman vibrational modes are more sensitive to
structural changes, there is a large discrepancy between
the four oBN precursors (Fig. 1h). For oBN120, oBN200,
and oBN320, a Raman peak at about 1370 cm−1 corre-
sponding to E2g mode of hBN [25,26] becomes more
visible and sharper with increasing grain sizes, indicating
that the outer shell layers of large oBN nanoparticles
become similar to that of hBN. The precursors with dif-
ferent-size have different microstructures, which would
affect the formed products.

The oBN precursors with different sizes were pressed
into pellets with 2.5 mm in diameter and 2 mm in height,
and subjected to HPHT (i.e., 15 GPa and 1,800°C) at a
multi-anvil apparatus. After reaching ambient pressure
and temperature, the compact pillars of polycrystalline
cBN formed and were analyzed by XRD and Raman
(Fig. 2). The XRD data show that cBN90 and cBN120
corresponding to oBN90 and oBN120 precursors are pure
cubic phases. For the cBN200 and cBN320, a small
amount of wurtzite BN (wBN) phase appears (Fig. 2a). In
addition, the fingerprint Raman peak of wBN [27] also
appears at 964 cm−1 for both cBN200 and cBN320
(Fig. 2b). The wBN usually forms during the transfor-
mation of pBN [5,6] and hBN [16,28] with more perfect
graphite-like layers, due to the structural similarity be-
tween hBN and wBN. The direct linkage of AaAa stacked
hBN would form wBN. Therefore, the residual wBN
phase in cBN200 and cBN320 is highly possible from the
transformation of ordered shell layers [5,6,16,28], and the
phase difference in the products is caused by the diversity
of the oBN precursors.

The microstructures of cBN were further investigated
with TEM images, as shown in Fig. 3a, c. To visualize the
grain and twin in a large field, bright-field images were

firstly taken from the thin sample chips cut by focused-
ion beam (FIB) technique (Fig. 3a). The statistical grain
sizes are about 25–156 nm (average ~62 nm), 32–178 nm
(average ~78 nm), and 35–252 nm (average ~109 nm) for
cBN120, cBN200, and cBN320, respectively (Fig. 3b). The
grain sizes of products gradually increase, but the relative
contents of twins inside seem to reduce, with the increase
in grain size of the used oBN precursors. HRTEM ana-
lysis on specific grains shows that some large grains in
products have either few twins inside or twins with large
width. Twin and grain boundaries as well as stacking
faults are along the [101] axis in specific grains (Fig. 3c),
and the insets show the relatively large twins in grains,
thus resulting in the decrease of ultrafine twins. The
distribution of twin thickness in each product was further
counted in twin-rich grains (Fig. 3d). The average twin
thickness for cBN120, cBN200, and cBN320 is
4.6–5.8 nm, which is larger than that (~3.8 nm) in cBN90
[9]. The additional large twins have a thickness range of
20–65 nm, and the large twins in grains would severely
limit the area of small twins. As a result, the large na-
nograins and wide subtwins form due to the transitions of
graphite-like shell layers in large-sized oBN precursors.
Notably, there is no wide twins in cBN90 (thickness
<15 nm), suggesting the ultrafine-twins inside. This
finding is consistent with previous report on the use of
regular graphite-like BN as precursors merely generating
the ng-cBN [5–8,29], although twin domains are occa-
sionally observed during the growth of cBN single crystals
as extra substructures [24,30–32]. In comparison, the
highly wrinkled and curved layers in small oBN (or core
layers in large oBN) are easily transformed into ultrafine-
twinned microstructure. Furthermore, smaller raw ma-
terials produced thinner twins.

Figure 2 XRD patterns (a) and Raman spectra (b) of the cBN synthesized from different oBN precursors. A little residual wBN phase presents in
cBN200 and cBN320 spectra. The (002) reflection of wBN and (111) of cBN are very close, thereby widening the XRD peak around 43° for cBN200
and cBN320, compared with that of cBN90 and cBN120.
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The different microstructures of the synthetic cBN
would lead to their distinct mechanical properties.
Vickers hardness (Hv) was measured with a standard
square-pyramidal diamond indenter. The variations of Hv

with respect to a series of applied loads were recorded
(Fig. 4). The asymptotic hardness values of cBN90,
cBN120, cBN200, and cBN320 were estimated to be 108
(10) [9], 80(2.9), 66(3.1), and 61(1.1) GPa, respectively,

Figure 3 Microstructure of the synthetic cBN. Bright-field TEM images (a) and the statistical distribution of grain size (b) of cBN120 (left), cBN200
(middle), and cBN320 (right). (c) Corresponding HRTEM images along the [101] zone axis from the screened nanograins including fine twin
substructure. The insets show the existence of relatively large twins in grains, thus decreasing the content of ultrafine twins inside. Twin boundaries
(TBs), grain boundaries (GB), and stacking faults (SF) are marked by white lines or red arrows in the images. (d) Statistical distribution of the twin
thickness. The inset shows the twin distribution of cBN90 [9]. A total of 838, 572, and 749 twins were measured to determine the twin thickness
distribution for cBN120, cBN200, and cBN320, respectively.
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before large cracks produced [33,34] (see the typical
Vickers indentations in Fig. 5a). The Vickers hardness of
cBN200 and cBN320 are close to that of nanopolycrys-
talline cBN (∼70–50 GPa) with corresponding grain sizes
of 20–400 nm containing less ultrafine twins inside
[5,6,15,35].

In addition, Knoop hardness of cBN90, cBN120,
cBN200, and cBN320 were also measured to be 78(3.8)
[9], 51(0.4), 49(0.7), and 46(0.9) GPa, respectively. The
imprints were accurately measured with SEM (Fig. 5c).

Notably, the Hv is higher than Hk, due to different in-
denter geometries and calculation method [36]. None-
theless, the Hk of cBN90 and cBN120 is clearly higher
than the Hk of ng-cBN bulk materials, which are ~ 45 GPa
[35]. We also estimated the fracture toughness KIC of
cBN90, cBN120, cBN200, and cBN320 to be 12.7 [9], 10.1
(2.6), 9.4(2.1), and 7.3(1.4) MPa m1/2, respectively. Fig. 5b
presents the indentations with large cracks generated at a
load of 9.8 N for fracture toughness calculation. The
above result demonstrates that the mechanical properties
of the synthetic cBN are weakened with the increase in
size of oBN precursors. Therefore, only small-sized oBN
precursors can transform to the high-performance poly-
crystalline cBN composed of a high-density ultrafine
nanotwin substructure.

Common polycrystalline metal materials can be con-
tinuously hardened according to Hall–Petch law by de-
creasing the grain size to up to ~10 nm. Below that
critical size, the hardening mechanism may change the
dislocation-related behavior to grain boundary sliding,
thus decreasing the hardness. In the current case, the
synthetic polycrystalline cBN has grain size above the
critical size of 10 nm, which indicates that Hall–Petch law
remains valid. Moreover, owing to the unique onion-like
precursors, the ultrafine-twin substructure can form in
each nanograin, which further impedes dislocation slip
and increases the hardness. Additionally, the grain and
twin boundaries are very secure due to the strong B–N
covalent bonds in grain boundaries. The hardening me-
chanism in polycrystalline covalent material should be
different from that in metal materials at nanoscale.
Considering Hall–Petch and quantum confinement ef-
fects together, the hardness of a well-sintered poly-
crystalline cBN can be evaluated as follows: HV = HHP +
Hqc = H0 + KHPD

−1/2 + KqcD
−1, where H0 is the Vickers

hardness of a perfect single crystal, and D indicates the
average grain size or twin thickness (nm) [9,15]. For
polycrystalline cBN, H0, KHP, and Kqc are 39 GPa,
126 GPa nm1/2, and 130.7 GPa nm, respectively, as esti-
mated from experimental data [5,6,9]. For pure nano-
grained cBN without subtwins inside, its theoretical
Vickers hardness can only reach to 57 GPa with grain size
decreased to 60 nm (the average grain size of cBN90 [9]).
By comparison, the full nanotwinned cBN would have a
theoretical Vickers hardness of as high as 134 GPa with
the average twin as thin as 4 nm (the average twin
thickness of cBN90 [9]). The experimental Vickers
hardness is 108 GPa[9], which is slightly lower than
theoretical value. Thus, the hardness of polycrystalline
cBN is affected by three factors: nanograin size, nanotwin

Figure 4 Hv of the produced cBN bulk materials as a function of applied
loads. The Hv reaches asymptotic value when the applied load exceeds
3 N. Error bars indicate s.d. (n=5). The asymptotic Hv of cBN90,
cBN120, cBN200, and cBN320 are 108(10) [9], 80(2.9), 66(3.1), and
61(1.1) GPa, respectively.

Figure 5 SEM images of indentations formed on cBN120, cBN200, and
cBN320 bulk materials. (a) Vickers indentations at a load of 4.9 N. (b)
Vickers indentations with cracks generated at a load of 9.8 N used for
fracture toughness calculation. (c) Knoop indentations at a load of 4.9 N.
To get clear indentation and crack during SEM observation, the polished
sample surface was firstly sprayed with thin Pt of about 5 nm thickness
before hardness testing.
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thickness, and proportion of ultrafine-twin. In present
work, both the Vickers and Knoop hardness results show
that the hardness gradually increases with the decrease of
grain size and twin thickness (Fig. 6), which complies
with Hall–Petch law.

CONCLUSIONS
The size, shape, and microstructure of precursor would
affect the products during chemical reactions or phase
transitions. However, the direct relationships are difficult
to confirm and the mechanisms need detailed analysis.
With respect to microstructure, the relationship between
the different-sized oBN precursors and the corresponding
products was investigated by XRD, Raman, and TEM.
HRTEM shows that the large oBN precursors having the
more regular and ordered shell layers are preferred to
form the nanopolycrystalline cBN with large nanograins
and less ultrafine twins inside. Only the small oBN with
highly defective and curved layers can produce high-
performance, more complete nt-cBN with ubiquitous
ultrafine subtwins in nanograins. The current investiga-
tion reveals that the size change of oBN precursors results
in large microstructure difference in the precursors,
which is unusual in nanomaterials. This kind of distinct
precursors leads to significant change in microstructure
and performance of the produced nanopolycrystalline
cBN bulk materials. The mechanical properties of nt-cBN
can be improved by using finer oBN precursors. Theo-
retically, the hardness of nt-cBN with entire ultrafine-

twin microstructure can reach as high as 200 GPa, i.e.,
twice the hardness of natural diamond crystal, when the
twin thickness is reduced to 2 nm. Such achievement
would inspire numerous studies for the synthesis of better
nt-cBN materials through further reduction of the size of
oBN precursors.
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洋葱式氮化硼粒径对纳米孪晶立方氮化硼组织结
构和性能的影响
罗坤1,2†, 张洋1,2†, 于栋利1†, 李宝忠1, 胡文涛1, 刘永2, 高宇飞1,
温斌1, 聂安民1, 赵智胜1*, 徐波1, 周向锋1, 田永君1, 何巨龙1*

摘要 拥有极高硬度、韧性和稳定性的纳米孪晶立方氮化硼(nt-
cBN)在材料领域备受关注. 前期研究表明, 在高温高压条件下以洋
葱式氮化硼(oBN)为前驱物是合成nt-cBN的关键. 本文研究发现,
前驱物oBN的粒径变化会显著影响最终产物的组织结构和机械性
能. 随着前驱物oBN的粒径从~320 nm减小到~90 nm, 合成的纳米
结构块材的硬度从61 GPa逐渐提高到108 GPa. 表明大粒径的oBN
拥有和普通六方氮化硼类似的平整、有序的外层结构, 这与小粒
径的oBN纳米粒子中存在大量弯曲、褶皱的氮化硼原子层及高密
度层错的结构特点形成鲜明对比; 大粒径oBN前驱物中的这些有序
结构显著减少了最终产物中超细孪晶亚结构的含量, 从而导致相
应产物硬度的下降. 本研究表明, 只有粒径足够小的oBN前驱物才
能合成出拥有高密度超细纳米孪晶结构且性能优异的nt-cBN. 为
进一步提高此类纳米孪晶材料的性能提供了一种切实可行的方案.
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