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Mechanical properties of covalent materials can be greatly
enhanced with strategy of nanostructuring. For example, the
nanotwinned diamond with an isotropic microstructure of inter-
weaved nanotwins and interlocked nanograins shows unprece-
dented isotropic mechanical properties. How the anisotropic
microstructure would impact on the mechanical properties of dia-
mond has not been fully investigated. Here, we report the synthe-
sis of diamond from superaligned multiwalled carbon nanotube
films under high pressure and high temperature. Structural charac-
terization reveals preferentially oriented diamond nanotwin bun-
dles with an average twin thickness of ca. 2.9 nm, inherited from
the directional nanotubes. This diamond exhibits extreme mechan-
ical anisotropy correlated with its microstructure (e.g., the average
Knoop hardness values measured with the major axis of the
indenter perpendicular and parallel to nanotwin bundles are
233 + 8 and 129 + 9 GPa, respectively). Molecular dynamics simula-
tion reveals that, in the direction perpendicular to the nanotwin
bundles, the dense twin boundaries significantly hinder the
motion of dislocations under indentation, while such a resistance
is much weaker in the direction along the nanotwin bundles. Cur-
rent work verifies the hardening effect in diamond via nanostruc-
turing. In addition, the mechanical properties can be further tuned
(anisotropy) with microstructure design and modification.
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he combination of exceptional properties, such as the high-

est hardness, incompressibility and thermal conductivity,
large band gap and electric breakdown field, and wide optical
transparency, make diamond a unique material for a diversity
of applications, including cutting tools and wear protection,
thermal management, optical components, and semiconductor
devices, etc. Therefore, synthesizing diamond materials with an
enhanced comprehensive performance superior to monocrystal-
line diamond has been a long-lasting goal since the first synthe-
sis of man-made diamond (1). Previous progress has indicated
that the mechanical performance of covalent materials can be
greatly enhanced with strategy of nanostructuring (2-6). For
example, the synthetic nanopolycrystalline diamond (NPD) and
nanotwinned diamond (nt-diamond) exhibit superb mechanical
properties (2, 5), with an unprecedented hardness of 200 GPa
(twice that of natural diamond single crystal) achieved in
nt-diamond. In both nt-diamond and NPD, randomly oriented
equiaxed grains (with or without subgrained nanotwins) inte-
grate into a bulk with an isotropic microstructure, leading to
isotropic mechanical properties in contrast to the anisotropy in
diamond single crystals.

Along with the enhancement of properties, the fine tuning of
material performance with microstructure design and regula-
tion has become increasingly important. For example, materials
with an anisotropic structure or a hierarchical integrated

PNAS 2021 Vol. 118 No. 47 2108340118

structure play an important role in certain sites, such as aniso-
tropic filtering (7), etching techniques (8), and biological sys-
tems (9), in which ordinary isotropic materials usually cannot
provide. Studies of hardness anisotropy have been conducted
mainly on single crystals [e.g., minerals (10-13)]. It is well
known that anisotropy in metallic materials can be achieved by
processing techniques, such as hot rolling, wire drawing, and
heat treatments (14). These techniques, however, cannot be
applied to hard and brittle ceramic materials, such as diamond
and cubic boron nitride. Previously, a nanolayered diamond
compact was synthesized by direct conversion from highly ori-
ented pyrolytic graphite (15), exhibiting an anisotropic micro-
structure of layered crystals (50 to 100 nm thick) and a mild
anisotropy in hardness measured on the top surface (114 GPa)
and side face (95 GPa). This limited hardness anisotropy can
be ascribed to the relatively large grain size, contributing to a
slight variation in hardness. Nonetheless, these previous works
inspired us the possibility to modulate the diamond microstruc-
ture by choosing appropriate precursors (2, 5, 15-18). Consid-
ering the hardening effect of the twin boundary (TB) similar to
that of grain boundary (19) and the intrinsic anisotropic nature
of TB, enhanced mechanical properties as well as extreme
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mechanical anisotropy can potentially be achieved via construc-
tion of a microstructure with highly oriented nanotwins.

Here, we demonstrate the successful synthesis of diamond
with preferentially oriented nanotwinned microstructures from
superaligned multiwalled carbon nanotube (MWCNT) films
through phase transformation under high pressure and high
temperature (HPHT). Transmission electron microscopy
(TEM) characterization reveals a unique microstructure of the
synthetic diamond (i.e., the preferentially oriented nanotwin
bundles are closely related to the precursor of superaligned
MWCNT films). This diamond exhibits extreme mechanical
anisotropy with respect to the orientation of nanotwin bundles.
Notably, the maximum Knoop hardness reaches as high as 241
GPa, with the long diagonal of the indenter perpendicular to
the nanotwin bundles, more than 20% higher than the previous
record (5), benefited from the very small twin thickness of 2.9
nm. The molecular dynamics (MD) simulation of the indenta-
tion process also confirms the variation trend of hardness with
respect to the nanotwin bundles. Moreover, TEM observations
of the cracks induced by the indentation fracture toughness
measurements indicate that crack propagation is severely con-
strained in the direction perpendicular to the nanotwin bun-
dles, while much less constrained in the direction along the TBs
because of the different resistance of the TBs. As a result, the

crack length in the former direction is much shorter than that
in the latter one.

Results and Discussion

Previous studies have demonstrated that diamond products
with completely different microstructures can be produced
from distinct carbon precursors such as graphite and onion-like
carbon (2, 5). Graphite-like precursors tend to transform into
nanograined diamond (2), while carbon onions as precursor
produced nanotwins within the interlocked nanograins of dia-
mond (5). Single-walled CNTs (SWCNTs) and MWCNTs have
also been actively studied under HPHT conditions in the past
few decades (20-23). For example, MWCNTs can completely
transform into a sp>-hybridized carbon phase under nonhydro-
static pressure up to 16 GPa (23). In this work, superaligned
MWCNT precursors were subjected to HPHT. MWCNTs with
a transverse cross section similar to that of carbon onions can
extend a long distance in the axial direction, indicating the
potential to form nanotwin domains with larger width or length.
MWCNT films (Fig. 14) were drawn from superaligned
MWCNT arrays (24), folded into disks 2 mm in diameter, and
used as the precursor for HPHT experiments. A typical nano-
tube (9 walls with an inner diameter of 5.6 nm and outer diam-
eter of 11.4 nm) is shown in Fig. 14, Inset. Compared with the

. '1 w

Fig. 1. Microstructures of superaligned MWCNT films and a bulk sample synthesized at 15 GPa and 2,100 °C. (A) SEM image of MWCNT films. The inset

shows an HRTEM image of a single MWCNT with inner and outer diameters of 5.6 and 11.4 nm, respectively. (B) BF-STEM image of the synthetic diamond
showing a bundle-like microstructure. The red arrows signify the orientations of the striped features. (C) BF-STEM image from the cyan-boxed region in
B, clearly revealing micrometer-sized preferentially oriented nanotwin bundles running across multiple diamond nanograins. The twins in each bundle
(cf. dashed polygons) are coherently related, implying they may come from the same MWCNT film in the precursor. (D) Annular dark field STEM (ADF-
STEM) image of a region where striped and coherently interfaced nanotwins penetrate several diamond nanograins. The grain boundaries are marked
with purple dashed lines. (E) HRTEM image of the nanotwin bundles. TBs (red solid lines) and stacking faults (SFs; arrowheads) are marked. (F) BF-STEM
image of a typical nanograin (the blue circle in B). The preferentially oriented nanotwins traveling through the nanograin can be clearly observed.
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Knoop hardness of the diamond with a preferentially oriented twinning microstructure. (A) Knoop hardness as a function of the misaligned angle

between the major diagonal of the Knoop indenter and {111} TBs of the nanotwin bundles (see the Inset for the definition), revealing a significant hard-
ness anisotropy. (B) Hardness as a function of average grain size (d) or twin thickness (1) for nanostructured diamond bulk materials. The circles and trian-
gles are experimental data from nt-diamond (5) and nanograined diamond (2), respectively. The Inset shows the twin thickness distribution in the
diamond with preferentially oriented nanotwin bundles from HRTEM observations. The average twin thickness is about 2.9 nm, accounting for the ultra-
high Knoop hardness of 241 GPa measured along the direction perpendicular to the nanotwin bundles.

carbon onions with a size of 20 to 50 nm used to produce
nt-diamond (5), the MWCNT5 used in this work possess similar
concentric carbon shells but a much higher curvature, implying
an easy transformation into twin substructures.

X-ray diffraction patterns of the MWCNT precursor and the
sample recovered from the 15 GPa and 2,100 °C treatment are
displayed in SI Appendix, Fig. S1. The recovered sample shows
a pure cubic diamond phase, indicating a complete transforma-
tion from MWCNT to diamond. TEM observations (Fig. 1
B-F) reveal plentiful striped features that characterize the
microstructure of this diamond. These stripes are preferentially
oriented with lengths of up to 1 pm and penetrate diamond
nanograins frequently (Fig. 1 B-D). The high-resolution TEM
(HRTEM) image shown in Fig. 1E discloses that the stripes are
assembled from a bundle of diamond nanotwins with many
stacking faults. The thickness distribution, based on HRTEM
observation of more than 500 nanotwins, indicates an average
twin thickness of 2.9 nm (Fig. 2B, Inset). Moreover, the bright-
field scanning TEM (BF-STEM) image shows the details of a
nanograin penetrated by the nanotwin bundle (Fig. 1F). It is
clear that nanotwins within the nanograin also show a preferen-
tial orientation, in sharp contrast to the randomly oriented
nanotwins in diamonds transformed from carbon onions (5).
The diamond sample produced from these MWCNTS, there-
fore, possesses a unique anisotropic microstructure featured
with preferentially oriented nanotwin bundles, differing from
the isotropic microstructure in previously reported nt-diamond
5).

From the positioning label on the BN crucible (Sample Prep-
aration), we can determine the orientation of diamond nano-
twin bundles is consistent with that of MWCNT films. The
specific orientations of the nanotwin bundles vary slightly in dif-
ferent diamond domains. Nonetheless, individual domains com-
posed of nanotwins with identical orientation usually span 2 to
10 pm longitudinally and'ca. 200 nm crosswise (Fig. 1C), which

Pan et al.

Extreme mechanical anisotropy in diamond with preferentially oriented nanotwin bundles

is directly related to the dimensions of the MWCNT films (Fig.
1A4). These consistencies provide a useful clue for understand-
ing the mechanism of the transformation of MWCNT films to
diamond with preferentially oriented nanotwins. In the precur-
sor films, individual MWCNTs with diameters of 7 to 12 nm
were assembled into parallel-aligned films. Under HPHT condi-
tions, the tabular MWCNTs constituting of multiple, nested
SWCNTs underwent radical deformation and collapsed in a
similar manner to carbon onions due to their structural similar-
ity, forming nanotwins with preferentially TBs oriented along
the tube direction. A schematic diagram of the transformation
process from a single (17,0)/(26,0)/(35,0) triple-walled CNT to
diamond nanotwins under uniaxial compression is presented in
SI Appendix, Fig. S2.

To investigate the mechanical properties of current diamond
samples as well as the correlation with the unique anisotropic
microstructure, Knoop hardness measurements were per-
formed on the polished surface with the determined preferen-
tial nanotwins orientation. Note the Knoop indenter has an
elongated rhombic base with a length to width ratio of 7:1,
which helps to detect possible hardness anisotropy in tested
samples (13, 25). The indentation hardness (Vickers or Knoop)
can be measured reliably as long as a permanent plastic impres-
sion can be formed on the surface of the tested sample with no
visible plastic deformation of diamond indenter (26). The prin-
ciple of indentation hardness measurement and Knoop
indenter characterization before and after the hardness mea-
surement can be found in SI Appendix, Fig. S7. A misaligned
angle between the long diagonal of Knoop indenter and the ori-
ented nanotwins was defined before hardness measurement
(i.e., 0° for the parallel case and 90° for the perpendicular one).
The misaligned, angle—dependent Knoop hardness is shown in
Fig. 24, disclosing a remarkable anisotropy in Knoop hardness.
Generally speaking, the hardness value increases with a larger
misaligned angle: The extreme hardness values are 129 + 9 and

PNAS | 30f7
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Fig. 3. MD simulation of hardness tests on diamond with a preferentially oriented twinning microstructure. (A) Loading force as a function of misaligned
angle between the major diagonal of the indenter and {111} TBs of the nanotwin bundles. Note that an identical indentation depth was used for the
simulation, and the calculated force is therefore directly proportional to the hardness. The variation of hardness with the misaligned angle is consistent
with the experimental results. (B—H) Dislocation distribution in the vicinity of the indentation with identical indentation depth. The misaligned angle
increases from 0° (B) to 90° (H). At 0°, dislocations are mainly distributed along twin boundaries, while at 90°, the dislocations traverse several TBs and
curve after intersecting TBs, indicating TBs can significantly hinder the motion of dislocation and contribute to hardening. The orange atoms and blue

lines represent twin boundaries and dislocations, respectively.

233 + 8 GPa corresponding to 0° and 90°, respectively. The
anisotropy in hardness exhibited in current diamond with a
preferentially oriented nanotwinned microstructure was absent
in the previously reported nt-diamond with randomly oriented
nanotwins synthesized from carbon onions (5). SI Appendix,
Fig. S3 displays a series of indentations from Knoop hardness
measurements with different misaligned angles.

Previously, we proposed a hardness model for polycrystalline
covalent materials considering hardening contributions from
the Hall-Petch effect and the quantum confinement effect (6,
27) lie., H=H+KnupD™'/?> + KocD™!, where D (in nanome-
ter) is the grain size or twin thickness]. Hy, Kyp, and K are 90
GPa, 164 GPa/nm'?, and 189.7 GPa/nm, respectively, for nano-
structured diamond (6). For the 90° Knoop hardness measure-
ment, the resistance to plastic deformation is dominated by the
TBs that hinder dislocation motion and crack propagation. A
hardness value as high as 251 GPa can be estimated from the
above formula assuming an average twin thickness of 2.9 nm.
However, for the 0° Knoop hardness measurement, the grain
boundaries play a leading role in hindering dislocation motion
and crack propagation. With an average grain size of 44.3 nm
(SI Appendix, Fig. S4), the Knoop hardness at a misaligned
angle of 0° is estimated as 120 GPa. Both values are in good
agreement with the experimental extremes. Notably, the maxi-
mal Knoop hardness of 241 GPa is 20% higher than the previ-
ous record achieved in nt-diamonds (5), obviously benefited
from the smaller twin thickness.

To further understand the effect of oriented TBs on Knoop
hardness of diamond, we simulated the measurement process
of a.model diamond, sample.composed of oriented twins with
MD (see Materials and Methods for the details). The minimal

40f7 | PNAS
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twin thickness of 0.618 nm (i.e., 3d111) was used in the diamond
model. During the simulation, the misaligned angle varied from
0° (parallel) to 90° (perpendicular). For each misaligned angle,
the indenting depth was set as 0.8 nm, and then the force acting
on the indenter was calculated. From here, the variation trend
of hardness with respect to the misaligned angle can be qualita-
tively characterized. As shown in Fig. 34, the loading force
varies as a function of the misaligned angle, revealing a trend
consistent with the Knoop hardness measurements (Fig. 24).
Fig. 3 B-H highlights the dislocation behavior at different mis-
aligned angles. We do notice some irregularity for the middle-
range misaligned angles, such as hardness in 30 to 60° (Fig. 24)
and loading force in 30 to 75° (Fig. 34). The variation in hard-
ness of the diamond with preferentially oriented nanotwin bun-
dles can be attributed to two main factors (i.e., the twin
strengthening and the dislocation density). With larger mis-
aligned angle, the twin strengthening play an increasingly
important role, resulting in the overall increase trend of hard-
ness. When the misaligned angle is in the range of 30 to 75°,
the dislocation density increases substantially with increasing
misaligned angle (Fig. 3 D-F), thus contributing a decrease in
hardness. The joint contribution from twin strengthening (hard-
ening) and the dislocation density (softening) then results in
the small irregularity of loading force (or hardness) in 30 to
75°.

SI Appendix, Fig. S5 shows a micrograph of Vickers indenta-
tion after the fracture toughness measurement. The two inden-
tation diagonals are parallel and perpendicular to the oriented
nanotwin bundles. It is clear that the average length of the
radial cracks measured from the indentation center significantly
differ: the average length is 7.2 pm in the direction
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Fig. 4. Crack propagation behavior in the directions perpendicular or parallel to the nanotwin bundles. (A-C) ADF-STEM (A) and HRTEM (B and Q)
images of a crack propagating in the direction perpendicular to the nanotwin bundles. The continuous deflections at the twin boundaries (red dotted
line) leads to a zigzag propagation path (yellow dotted line), which dissipates substantial energy and thus increases the resistance to crack propagation
(toughening). (D-F) ADF-STEM (D) and HRTEM (E and F) images of a crack propagating in the direction parallel to the nanotwin bundles. The crack tends
to extend along the TB, leading to straight fracture surfaces and less resistance to crack propagation.

perpendicular to the oriented nanotwin bundles and 15.8 pm in
the parallel direction. In other words, crack propagation was
significantly impeded in the direction perpendicular to the
nanotwin bundles. TEM characterization of the indentation
cracks was performed to clarify the distinct behaviors of crack
propagation in the two directions (Fig. 4). In the direction per-
pendicular to the oriented nanotwin bundles, the crack was
continuously deflected at the TBs and propagated in a zigzag
path, similar to what occurred in 3-C diamond nanotwins
regions observed previously (28). Such continuous crack deflec-
tions at the TBs can dissipate substantial strain energy and
resist crack propagation. Contrastively, in the direction parallel
to the nanotwin bundles, the crack propagated along the TBs in
an almost straight line (i.e., {111} planes of diamond), leading
to much longer cracks without obvious impediment.

Conclusion

In summary, diamond with preferentially oriented nanotwin
bundles were synthesized from superaligned MWCNT films.
These nanotwin bundles have an average twin thickness of 2.9
nm, which is closely related to the small transverse section of
MWCNTs. The mechanical properties of the diamond show
extreme anisotropy correlated with the unique microstructure.
The Knoop hardness reaches 233 + 8 GPa with the long axis of
the indenter perpendicular to nanotwin bundles while 129 + 9
GPa with the long axis parallel to nanotwin bundles. Also, crack
propagation exhibits significant anisotropy along the direction

Pan et al.
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perpendicular or parallel to the nanotwin bundles. MD simula-
tion and TEM characterization attribute these anisotropic
mechanical properties to the practical response of the TBs
depending on the relative direction between external stress and
the nanotwin bundles. Current study emphasizes the close rela-
tionship between diamond microstructures and properties.
With carefully selected precursors, the diamond microstructure
can be modified, which in turn can further tune the mechanical
properties of diamond.

Materials and Methods

Sample Preparation. Continuous films were drawn out from superaligned
MWOCNT arrays and folded into disks (2 mm in diameter) as precursor (24, 29,
30). Energy-dispersive spectroscopy measurement revealed dominant carbon
and trace oxygen, indicating the high purity of the precursor. MWCNT disks
were piled up with identical orientations into a bulk (#2 mm x 2 mm) and
loaded into a cylindrical BN crucible. To determine the relationship between
the orientation of MWCNT films and the microstructures of the synthetic dia-
mond (i.e., the preferential orientation of nanotwin bundles) and consequen-
tially to investigate the mechanical anisotropy with respect to the twin orien-
tation, the initial positioning of MWCNT pileup in the BN crucible was labeled
before the HPHT experiments, which were performed using a 10-MN double-
stage large-volume multianvil system. Details about the experimental setup
were described previously (5, 31). During the experiment, the pressure was
increased to 15 GPa at room temperature with a rate of 0.75 GPa/h, then the
temperature was ramped to 2,100°C in 2.5 h and maintained at 15 GPa and
2,100°C for 30 min. After that, the pressure was released with a rate of 0.7
GPa/h to the ambient pressure. The recovered sample (diamond rod) was ~1.5

PNAS | 50f7
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mm in diameter and 1.5 mm in height. A total of 10 samples were prepared
with the same condition. These samples show great repeatability in micro-
structure and mechanical properties.

Structure Characterization. The structure of the precursor and recovered com-
pacts were characterized with an X-ray diffractometer (Bruker D8 ADVANCE,
Cu K,). Focused ion beam (FIB, FEI Scios) milling was employed to prepared
TEM specimens, which were cut from the diamond rod along the direction
parallel to the orientation of MWCNT films. During the FIB process, an acceler-
ating voltage of 30 kV and a current of 30 nA was used initially to excavate
two craters separated by a wall of ca. 2 um in thickness. The wall was taken
out and polished into a slice less than 100 nm in thickness with decreasing cur-
rent from 15, 7, 5, and 1 to 0.5 nA. The surface of slice was cleaned with ion
beam of 5 kV and 16 pA to minimize irradiation damage, followed by the
low-energy Ar milling (Fischione Model 1040 NanoMill) to further minimize
the knock-out damage on the slice. TEM characterization was carried out with
an FEI Talos F200X (S)TEM instrument with an accelerating voltage of 200 kV.
TEM specimens were also prepared to observe the cracks in the oriented,
twinned diamond. The cracks were produced on the top surface and lateral
cross section of the cylindrical sample and slices parallel to the nanotwin bun-
dles on the top surface and perpendicular to the nanotwin bundles of the lat-
eral cross section were prepared.

Mechanical Measurements. Before hardness measurements, mirror-like surfa-
ces with a roughness less than 20 nm were carefully prepared from the syn-
thetic samples with diamond grinding pastes. The polished samples are ~1
mm in thickness, three orders of magnitude higher than the indentation
depth (ca. 600 to 800 nm for Knoop indenter and 1 um for Vickers indenter),
and the effect of sample thickness on hardness testing can be eliminated.
Knoop hardness (Hyx) was measured with a microhardness tester (KB 5 BVZ; KB
Priftechnik GmbH). The polished samples were placed on a flat steel carrier
with a close fit, following the standard measurement procedure and avoiding
the influence of the substrate. The loading and dwell time were 30 and 15's,
respectively. Five different angles (i.e., 0°, 30°, 45°, 60°, and 90°) between the
major axis of indenter and orientation of MWCNT films (i.e., the preferential
orientation of diamond nanotwin bundles) were taken for the Knoop hard-
ness measurements. At least seven tests were performed for each angle with a
load of 4.9 N. Hx was estimated from Hy = 14228.9F/L?, where F (in Newton)
is the applied load, and L (in um) is the major diagonal length of Knoop inden-
tation. To investigate the resistance to fracture, indentation fracture tough-
ness measurements were carried out on the polished surfaces with a pyramid-
shaped Vickers indenter. Loads of 4.9 and 9.8 N were applied with the two
diagonals parallel and perpendicular to the orientation of MWCNT films,
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