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A new type of polycrystalline sintered diamond has been successfully synthesized by direct conversion from highly oriented
pyrolytic graphite at 15GPa and 2300∘C. It is optically transparent and consists entirely of layered nanocrystals (50–100 nm thick)
of cubic diamond, which are tightly bound to each other and have strong [111] preferred orientation along the stacking direction.
This nanolayered diamond has excellent indentation hardness (∼114GPa in Knoop scale) comparable to the highest values obtained
from single crystalline diamond. Furthermore, it is expected to have significantly high wear resistance on both ends of cylindrical
sintered compact, since the surfaces are terminated exclusively by the hardest {111} planes of the layered diamond nanocrystals.

1. Introduction

Since a major breakthrough was made in the synthesis of
pure binderless nanopolycrystalline diamond (NPD) from
graphite [1], an extensive series of studies have been con-
ducted on its conversion mechanism, microtextures, and
physical properties. The optical transparency and ultra-high
hardness (surpassing that of single crystalline diamond [2]) of
NPDhave drawn considerable attention for various industrial
uses such as for cutting and wear-resistant tools [3] and
scientific applications such as for anvils for high pressure
apparatuses [4–6].

NPD is characterized to have a unique microtexture usu-
ally composed of a mixture of randomly oriented equigran-
ular crystals of a few to several tens of nanometers and
lamellar crystals stacked along [111] direction of diamond
[7]. The origin of such two types of microtextures of NPD
is derived from the heterogeneous crystalline features of the
starting graphite source (polycrystalline graphite compact),
where relatively large, well-crystallized graphite flakes (coke-
derived) are mixed in a nanocrystalline graphite matrix
(binder-pitch-derived) [8]. The former graphite crystals
transform to diamond by the diffusion-limited (Martensitic)

process viametastable hexagonal diamond as an intermediate
phase, maintaining the original layered structure (form-
ing lamellas), while the latter matrix converts to granular
diamond nanocrystals by the diffusion process in which
nucleation and subsequent grain growth of diamond (cubic)
take place by atomic diffusion [8–10]. Therefore, the trans-
formation pathway and resulting microtexture of diamond
produced through direct conversion by high pressure and
high temperature (HPHT) method is most likely determined
by the crystallinity (crystallite size) of the initial graphite
sources. In fact, when nongraphitic or poorly crystalline
carbon sources (such as finely milled graphite, glassy carbon,
fullerene, etc.) are used as the starting material, the trans-
formation proceeds exclusively by the diffusion process, pro-
ducingNPDcomposed only of granular nanocrystals without
lamellar crystals and the hexagonal diamond intermediate [9,
11]. In contrast, when using well-crystalline highly oriented
graphite, a layered material composed of a mixture of cubic
and hexagonal diamonds, which are in a coaxial relation
c-dia ∗[111] // h-dia ∗[100] along the stacking direction,
is obtained [9]. However, the latter aspect has not been
investigated systematically using a large-volume press, and
it is therefore of interest to study the effect of synthetic
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conditions on the microtexture and phases produced as well
as the physical property of such products.

In this study, we have synthesized a new binderless sin-
tered diamond which is optically transparent and consists
entirely of layered (highly oriented) nanocrystals of cubic
diamond by direct conversion from highly oriented graphite.
Since the top (and bottom) surface of this layered diamond
is occupied exclusively by (111) faces possessing an extremely
high abrasion resistance, it can potentially be applied for
novel wear-resistance tools.

2. Experimental

2.1. Characterization of StartingMaterials. The startingmate-
rial used in the present study is highly oriented pyrolytic
graphite (HOPG) obtained by pyrolytic decomposition of
hydrocarbon gas and subsequent annealing of the deposit
under pressure. Raman spectra obtained from the sample
using an Ar ion laser (𝜆 = 514.5 nm) was characterized by
the intense E2g stretching mode centered at 1580 cm−1, while
defect originated, so-called D band (centered at 1350 cm−1)
was not observed at all, indicating high crystalline state
of the sample. We further examined the HOPG sample by
transmission electron microscopy (TEM; JEOL, JEM-2010)
to directly observe the crystallite size and degree of preferred
orientation. A focused ion beam (FIB) system (JEOL, JEM-
9310FIB) was used to cut out a thin cross-section (ca. 10
× 10 × 0.1𝜇m) in parallel to the stacking direction (i.e., c-
axis) for TEM observation. Figure 1 shows a typical TEM
image of HOPG used in the present study. It is clear from
the diffraction contrast that individual graphite layers are of
20–200 nm thick (along c-axis direction), but have far longer
periodicity (larger crystallite size) up to several micrometer
in the lateral direction (along a-b plane). The corresponding
selected area electron diffraction (SAED) pattern (Figure 1
inset) indicates that each layer is highly oriented toward
[002] direction of graphite with misorientation of much less
than a few degrees. The fact that both 10𝑙 and 11𝑙 spots
appear in one SAED suggests the presence of relatively large
misorientation (rotation) along the stacking direction (c-
axis), which can also be recognized as the varying degrees of
diffraction contrasts shown by the individual stacked layers.

2.2. High Pressure and High Temperature Experiment. High
pressure and high temperature experiments were con-
ducted using a 3000 ton Kawai-type multianvil apparatus
(ORANGE-3000 at Ehime University). We used 36mm
tungsten carbide anvils with a truncated edge length (TEL)
of 5mm and a cell assembly which is simply scaled down
from that used in our previous study [12]. Experiments were
performed at a fixed pressure of 15GPa and at various temper-
atures ranging 1000–2300∘C. Pressures were estimated from
a pressure-load calibration curve that was obtained based on
the phase transition of pressure standard materials (ZeTe,
12GPa; ZnS, 15.6GPa) at room temperature. Pressures at high
temperatures (during heating) were expected to be lower
by 1–1.5 GPa than those at room temperature due to plastic
flow of the high pressure cell assembly, according to our
empirical observation [13]. Temperature was estimated from
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Figure 1: A bright field TEM image of HOPG starting material and
the corresponding SAED pattern. It consists of layered crystals of
∼20–200 nm thick which show a strong [002] preferred orientation
along the stacking direction.The orientation along the lateral direc-
tion is not uniform and varies layer by layer, as indicated by diffrac-
tion contrast.

the relationship between input electrical power and generated
temperature obtained in a separate run using the identical
cell assembly. In the temperature calibration run, tempera-
ture was measured up to 2400∘C using a W
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thermocouple, which was located at the center of the sample
chamber. The systematic error in temperature estimation
is empirically in the order of ±50–100∘C. The sample was
compressed to a target pressure, then heated to a target
temperature for 20min and decompressed within a few
hours.

Recovered products were treated with hydrofluoric-nitric
acid to remove the surrounding metal capsule. They were
firstly examined by a focused X-ray diffractometer (Rigaku
RAPID II-V) with Cu K𝛼 radiation (𝜆 = 1.5419) operated
at 40 kV and 30mA and Raman spectroscopy (Renishaw RS-
SYS 1000) equipped with Ar+ laser for phase identification.
Each product was then processed by FIB system to prepare
thin foil sections for microstructure observation using TEM.

3. Result and Discussion

Experimental conditions and phases identified in the recov-
ered products are summarized in Table 1. The sample syn-
thesized at 1000–1800∘C are black and opaque, while that
at 2300∘C shows brownish yellow color and optical trans-
parency like NPD synthesized from polycrystalline graphite
[14], as shown in Figures 2(a) and 2(b), respectively. Figure 3
shows X-ray diffraction patterns of the samples recovered
from 1000∘C, 1300∘C, 1800∘C, and 2300∘C at 15GPa. The
formation of cubic and hexagonal diamonds is observed even
in the sample from the lowest temperature, although a con-
siderable amount of graphite starting material still remains
unreacted as indicated by the intense 002 (basal plane)
diffraction peak. With increase in heating temperature,
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Figure 2: Optical micrograph images of recovered samples synthesized at 15GPa and 1800∘C (a) and 15GPa and 2300∘C (b).
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Figure 3: X-ray diffraction patterns of recovered samples treated at
15GPa and 1000∘C, 1300∘C, 1800∘C, and 2300∘C. Gr = Graphite, H =
hexagonal diamond, C = cubic diamond.

the cubic diamond peaks become stronger and sharper, while
the graphite 002 peak decreases and eventually disappears
above 1800∘C. The hexagonal diamond 100 peak also grad-
ually decreases with increase in temperature, although it
does not completely vanish even at 2300∘C. It should be
noted that the observed lower limit temperature (below
1000∘C) for cubic diamond formation from highly ori-
ented graphite is remarkably lower than that (1500–1600∘C)
required for the conversion from polycrystalline graphite and
other nongraphitic carbon sources [11]. This is likely due to

Table 1: Synthesis conditions and experimental results.

𝑃 (GPa) 𝑇 (∘C) 𝑡 (min) Phases Optical appearance
15 2300 20 C-dia, H-dia∗ Transparent
15 1800 20 Gr, H-dia, C-dia Opaque
15 1300 20 Gr, H-dia, C-dia Opaque
15 1000 20 Gr, H-dia, C-dia Opaque
Gr: graphite, H-dia: Hexagonal diamond, C-dia: cubic diamond, ∗: trace
amount.

the difference in transformation mechanism from different
graphite sources. Martensitic transformation is found to be
responsible for the diamond formation from highly oriented
graphite as will be described later, while diffusion-controlled
process is the dominant mechanism for the formation from
polycrystalline graphite having much lower crystallinity.
Since the former process does not require the long-range
diffusion of atoms, it generally has lower activation energy
for the transformation to proceed at lower temperature.

Figures 4(a), 4(b), and 4(c) show TEM images and cor-
responding SAED pattern of samples synthesized at 1000∘C,
1800∘C, and 2300∘C at 15GPa, respectively. All the products
including that from 1300∘C (not shown) consist exclusively
of layered textures, which develop parallel to the original
stacking of the starting HOPG (Figure 1). SAED analysis
reveals that the samples heated at 1000∘C and 1800∘C consist
of a mixture of graphite (Gr), hexagonal diamond (H-
dia), and cubic diamond (C-dia) which are all arranged in
coaxial relationships: Gr [002]∗//H-dia [100]∗// C-dia [111]∗
along the stacking direction. Such microtexture and coaxial
relations indicate that the phase transition from graphite
to cubic diamond via hexagonal diamond intermediate
occurred essentially by martensite-like mechanism at the
studied PT conditions. This is because if the phase transition
occur by nucleation and growth mechanism, both the orig-
inal layered texture of graphite starting material and lattice
relations among the three phases would not be preserved,
like the case of nanopolycrystalline diamond which consists
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Figure 4: TEM images and ED patterns of recovered samples treated at 15GPa and 1000∘C (a), at 15 GPa and 1800∘C (b), and 15GPa and
2300∘C (c). A TEM image of nanopolycrystalline diamond synthesized from polycrystalline graphite at the same P, T condition is also shown
in (d) as a comparison.

mostly of randomly oriented granular crystals [7–9, 11].
The martensite-like transformation of graphite to hexagonal
diamond and cubic diamond is thought to occur by the
sliding and/or buckling of graphite planes (e.g., [15, 16]) and
predominantly takes place when well-crystalline graphite is
used as a starting material [8, 9]. The sample synthesized at
15GPa and 2300∘C consists mostly of cubic diamond and of
a small amount of hexagonal diamond, which are also in the
coaxial relation stated above, suggesting that the conversion
of graphite to diamonds fully completes above 1800∘C at this
pressure. Judging from the diffraction contrast in the TEM
images, the thickness of individual layers is <5–30 nm in the
samples synthesized at 1000–1800∘C, while it is apparently
thicker (50–100 nm) in that at 2300∘C, which indicates that
the grain growth of layered cubic diamond is accelerated by
atomic diffusion at higher temperature.

A well-sintered body of layered diamond synthesized at
15GPa and 2300∘C was subjected to the Knoop indentation
test to evaluate its hardness. Details of the indentation proce-
dure are described in the previous study [2]. Since the sample
was expected to havemechanical anisotropy due to its layered
texture, the indentation tests were performed both on the
top surface and on the lateral cross-section of the cylindrical

(a) 114 GPa

(b) 100 GPa

(c) 95 GPa

C-dia [111]

Figure 5: Schematic illustration of the processed nanolayered
diamond sintered body for Knoop indentation test.The relationship
between the diagonal of the Knoop indenter and measurement
positions are shown.

sample (Figure 5) after mechanical polishing using a metal-
bonded diamond wheel. Hardness values yielded at each
indent position (average from three median values out of
five) are also shown in the figure. Knoop hardness on the
top surface is 114GPa, while those on the lateral surface are
slightly lower (∼100GPa). These values are comparable to
that of the hardest plane direction ((111) ⟨11-2⟩) of synthetic
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type Ib single crystal diamond but are somewhat lower
than that of nanopolycrystalline diamond (∼120–145GPa)
synthesized frompolycrystalline graphite [2].This is probably
attributed to the difference in microtexture between the
present nanolayered diamond and NPD. The grain size of
the individual layered crystal in the former is much larger in
the lateral direction than the average grain size (<50–100 nm)
of the latter. Assuming the fracture toughening mechanism
of polycrystalline diamond follows the Hall-Petch law [17],
the indentation strength decreases with increasing grain size
above a certain critical grain size. The lower hardness values
on the lateral surface are likely a result of the orientation
effect: since the layered diamond nanocrystals orient their
[111] along the stacking direction (parallel to the top sur-
face), the indentations onto the lateral surface promotes
the dominant slip deformation along (111) ⟨110⟩ of layered
crystals. Nevertheless, the observed high hardness equivalent
to that of single crystalline diamond suggests that individual
layered nanocrystals are strongly bound to each other, and
the influence of cleavage on the indentation strength appears
to be negligible.

The unique microtexture and high indentation hardness
of the new polycrystalline diamond synthesized in this study
offer a potential application for wear-resistant tools. The
antiwear property of cubic diamond is highly anisotropic
depending on it crystallographic orientation, and the {111}
planes provide the highest wear resistance based on mechan-
ical abrasion test [18]. The cutting tools made of single crys-
talline diamonds are usually designed by taking into account
the anisotropic abrasion property. Recent study by Sumiya
and Harano [3] showed that NPD synthesized from poly-
crystalline graphite has remarkably antiwear property; its
mechanical wear rate evaluated using a high-speed polishing
machine is as small as that of a highwear-resistance direction,
(112) ⟨110⟩ of single crystalline diamond.They suggested that
the high wear resistance of NPD is attributed to the extremely
strong binding nature of the constituent nanocrystals and the
presence of a number of grains with {111} planes facing to the
surface. Indeed, a careful abrasion test conducted usingCVD-
grown micropolycrystalline diamond by El-dasher et al., [19]
demonstrated super wear resistance of {111} planes. Since
our new nanolayered diamond has top surfaces which are
terminated exclusively by {111} due to the strong preferred
orientation of individual crystals, it is expected to provide
significantly higher antiwear performance.

4. Conclusion

We have synthesized a new type of nanopolycrystalline
diamond by direct conversion from highly oriented pyrolitic
graphite using a multianvil press at 15GPa, 1000–2300∘C. It
consists purely of layered nanocrystals of cubic diamond (50–
100 nm thick), which are strongly bound to each other and
create strong [111] preferred orientation along the stacking
direction. The unique microtexture is formed as a result
of martensitic transformation from graphite probably via
metastable hexagonal diamond as an intermediate, where
original layered structure of the starting material and crystal
lattice relations among them are maintained. The present

nanolayered diamond has excellent indentation hardness
(∼114GPa in Knoop scale) comparable to the highest values
obtained from single crystalline diamond. Moreover, since
the top surface of the cylindrical sintered compact is termi-
nated exclusively by the hardest {111} planes, it is expected to
possess a remarkably high wear-resistance property.
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