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boundaries

The strength and fracture toughness of nano-polycrystalline
diamond has been significantly improved up to 18.37 MPa
m°> by adding boron carbide to the sintering process under
high pressure and high temperature conditions.
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Polycrystalline diamond with high mechanical properties and excellent thermal stability plays an important
role in industry and materials science. However, the increased inherent brittle strength with the increase of
hardness has severely limited its further widespread application. In this work, we produced well-sintered
nano-polycrystalline (np) diamond by directly sintering fine diamond powders with the boron carbide
(B4C) additive at high pressure and high temperatures. The highest hardness value of up to ~90 GPa was
observed in the np-diamond (consisting of fine grains with a size of 16 nm) by adding 5 wt% B4C at
18 GPa and 2237 K. Moreover, our results reveal that the produced samples have shown noticeably
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Accepted 6th December 2019 enhanced strength and toughness (18.37 MPa m~~) with the assistance of the soft phase at the grain
boundaries, higher than that of the hardest known nano-twined diamond by ~24% and a little greater

DOI: 10.1035/c9na00693k than that of the toughest CVD diamond (18 MPa m®®). This study offers a novel functional approach in
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1. Introduction

Diamond, the hardest known material, has been attracting
continuous interest for decades in cutting tools and applica-
tions in high-pressure science because of its excellent
mechanical properties, high thermal conductivity and chemical
stability."® However, the great challenge to shape, limited
physical dimensions and high cost of nearly perfect single-
crystal (sc) diamonds have severely limited their widespread
technological application in some extreme environments. In
addition, previous studies have found that the inherent brittle
strength would increase obviously with the increase of hardness
of diamond.** In the cases of sc-diamond cutting tools and
high-pressure anvils, the practical operating limits are usually
set by catastrophic cleavage fracture. Therefore, enhancing the
strength of diamond and diamond-like superhard materials is
always one of the most important topics in the materials science
community."*™**

Polycrystalline structures often show superior mechanical
properties over corresponding monocrystals.*? In recent
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improving and controlling the hardness and stiffness of polycrystalline diamond.

years, a series of nano-polycrystalline (np) and nano-twinned
(nt) materials have been successfully synthesized through
direct conversions of certain precursors (e.g. carbon nanotubes,
Ceo, glassy carbon, onion-like boron nitride and graphite) at
extreme high pressure and high temperatures (HPHT).>*>* A
breakthrough was achieved by Tian's group in the fabrication of
nt-diamond which is about two-fold harder than natural dia-
mond, together with higher fracture toughness (15 MPa m®?)
and in-air oxidation temperature.® Extensive experimental and
theoretical studies had been devoted to further strengthening
polycrystalline superhard materials, involving controlled crea-
tion of composted phases, internal defects, stacking faults and
interface boundaries.***?¢°

Diamond particles can be sintered into strong masses in
crystalline forms directly by HPHT methods, consisting of easily
controllable physical dimensions, shape and fine grain size."*
The introduction of other superhard materials (¢BN) in the np-
diamond was found to effectively improve its mechanical and
stability properties.**** Low-cost boron carbide (B,C), in
comparison to other high-performance ceramics, has low
density, high fracture toughness, high Hugoniot elastic limit
and good electrical conductivity.**** Reddy et al.*® revealed that
the nanopores and weak interface phase in np-B,C were effec-
tive in enhancing the fracture toughness, plasticity and
compression strength of the sintered brittle ceramic simulta-
neously. Thus we expect that sintered np-diamond would have
interesting properties with the aid of the properties of B,C.
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In this work, we show that we have successfully produced
well-sintered np-diamond by directly sintering nano diamond
powders with the B,C additive. The mechanical properties of
the produced samples have been investigated by micro-
indentation testing with diamond Vickers indenters. These
sintered np-diamonds show high hardness, enhanced fracture
toughness and thermal stability. Microstructural observations
by transmission electron microscopy (TEM) and chemical
bonding analysis by X-ray photoelectron spectroscopy (XPS)
suggest that the existence of B,C interfaces at diamond grain
boundaries and the bonding strength play key roles in
controlling the hardness and stiffness of the fabricated np-
diamond. This work provides a new functional approach in
improving and controlling the hardness and stiffness of poly-
crystalline diamond.

2. Experimental section
2.1 Sample preparation

We use high-quality nano-diamond powders (~10-30 nm, 99%
in purity) (Fig. S1t) and commercial B,C (~20-50 nm, 99.9% in
purity) as starting materials. The mixed starting materials with
3 wt% and 5 wt% B,C were mechanically ground for 2 hours
under ambient conditions. Then, the pre-synthesis was con-
ducted at 6.5 GPa and temperature of 1750-1950 K employing
a China type large-volume press (SPD-6 x 1200) with a holding
time of 2 hours. Experiment temperatures were detected using
a Pt-30% Rh/Pt-6% Rh thermocouple junction equipped within
0.5 mm of the precursors. Pressure was calibrated repeatedly by
the conversion process of graphite to diamond. The recovered
samples were black and opaque, ~8 mm in diameter and 5 mm
in height. The produced cylinders were cut into 2 mm in
diameter and treated at 18 GPa and 2273 K for 2 hours using
a 1000-ton multi-anvil producing colorless run products
(Fig. S21) at GSECARS (Sector 13) of Advanced Photon Source,

B4C interlayers

6.5 GPa and 1873 K for 2 hours

Colorless
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Argonne National Laboratory. This process is schematically
shown in Fig. 1.

2.2 Characterization

Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) measurements were carried out using
a Zeiss Sigma 500 microscope. Raman spectroscopy was per-
formed using a Horiba LabRAM HR Evolution with excitation at
532 nm. XPS data were obtained using a Thermo ESCALAB
250XI. A powder X-ray diffraction (XRD) diffractometer (Ultima
IV 185) was employed to study the structure of the produced
samples. XPS data were analyzed with the Fityk software. High-
resolution TEM (HRTEM), selected-area electron diffraction
(SAED) and elemental mapping were carried out on a JEM-
2100PLUS80-200 kV.

2.3 Hardness and fracture toughness testing

Vickers hardness tests were carried out with a normal pyramid
diamond indenter (KBs). Reliable hardness values were indi-
cated by the asymptote which was obtained through changing
the loading forces constantly in the range from 0.98 to 9.8 N,
and the forces were applied with a steady loading rate; the
implemented standard time of loading and dwelling was 6 s and
14 s respectively. Hy was calculated through the equation Hy =
2F sin 136°/L, where F (in newton) is the loading force and L (in
micrometer) is the mean value of the two diagonals.** The
accurate diagonal length of each indentation was measured
using a microscope with a hardness detector. The equation

2
Kic = (0.0016 + 0.004) <£> <£3> was used to calculate the
HV CE
fracture toughness, where Hy, is the hardness corresponding to
the loading force, and C= (C; + C,)/4 where C; and C, (in
micrometer) are the diametric length of cracks.>® The indenta-
tions were created on the face of the polished samples and the

18 GPa and 2273 K

Fig. 1 Schematic of the experimental approach showing the fabrication of sintered polycrystalline diamond by the HPHT method.
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cracks came into being from the corners of impressions
meanwhile. Cracks emanating from the indentations were
clearly observed using an optical microscope and their lengths
can be measured accurately.

2.4 Thermal stability test

The thermal stability of the produced samples was determined
by TG/DSC measurements in air in the temperature range of 303
K to 1673 K using a TG-DSC simultaneous thermal analyzer
(Netzsch STA 449C). We divided the range into two sections and
adopted heating rates of 20 K min ™ for the range of 303-473 K
and 10 K min~" for 473-1673 K.

3. Results and discussion

High-quality polycrystalline diamond with a diameter of
1.8 mm and 3 mm in height was successfully produced at
18 GPa and 2273 K. The holding time at P/T is about 2 hours for
each run. The details are summarized in Table 1.

The micro-Raman analysis was performed to structurally
characterize the diamond/B,C composited structure. Fig. 2a
shows the typical Raman spectra of nano-diamond powders and
recovered samples with 5 wt% from 6.5 GPa and 1600 K, and
18 GPa and 2273 K, respectively. Compared with the nano-
diamond in the starting materials (bottom curve), the Raman
spectra of sintered diamond at 6.5 GPa (middle curve) show that

Table 1 Experimental conditions for the HPHT treatments
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the main peak of diamond becomes broad and shifts from 1320
to 1346 cm™'. Moreover, it is obvious that the weak peak at
1582 cm ™', associated with sp”> bonds in graphite, is signifi-
cantly increased by ~7 times, indicating the appearance of the
graphitic phase under relatively low P/T conditions. The shift of
the Raman bond from the pure diamond at 1332 cm™ " has been
used to determine the residual stress in the sintered diamond.
We can clearly see that the Raman spectrum of the sample
treated at 18 GPa and 2273 K (top curve) shows a sharp peak at
1335 cm ™" and the peak at 1582 cm™ " has disappeared, indi-
cating the high-quality crystalline structure. The peaks located
in the range of low wavenumbers ~400-1200 cm™ ' for B,C
could also be observed for the sintered samples.**** The main
peaks located at 576 and 1081 cm™ " are assigned to crystalline
B,C after being treated at 6.5 GPa, while these peaks of the
recovered samples from the 18 GPa become weak and the peaks
at 429 and 967 cm ™, by contrast, are more prominent. The XRD
pattern in Fig. 2b shows no new detectable phase but amor-
phous carbon or graphite in the recovered samples from 18 GPa
can be seen (top curve). Thus both characteristic Raman bonds
and XRD results have confirmed that the sintered sample is
a highly crystalline composite of diamond and B,C.
Representative SEM images of the macrofeature of sintered
polycrystalline diamond are shown in Fig. 3. Meanwhile, SEM
photos of sintered diamonds and low-pressure samples are
shown in Fig. S3.f In comparison, the produced high-quality

P
Runs Composition of the starting materials D (mm) Color (GPa) T (K) t (hours)
160823-3 np-diamonds + 3 wt% B,C 8 Black 6.5 1750 2
160621-5 np-diamonds + 5 wt% B,C 8 Black 6.5 1950 2
160824-6 np-diamonds + 3 wt% B,C 8 Black 6.5 1750 2
160825-8 np-diamonds + 3 wt% B,C 8 Black 6.5 1800 2
181010-16 np-diamonds + 3 wt% B,C 1.8 Light grey 18 2273 2
181010-18 np-diamonds + 5 wt% B,C 1.8 Light grey 18 2273 2
b ® BC
= * diamond
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—_ 600 800 1000 1200 =¥} € o —_ g e
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Fig.2 (a) Raman and (b) XRD spectra for the starting materials of nano-diamond powders (bottom curve), with the 3 wt% B,C additive treated at

6.5 GPa and 1950 K (middle curve), and the 5 wt% B4C additive at 18 GPa and 2273 K (top curve), respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM images of the sintered polycrystalline diamond surfaces with 3 wt% (a) and 5 wt% (b) B,C additive. (d) and (e) the elemental mapping

images of B and C in one selected grain (c), respectively.

sample (181010-16) with the 3 wt% B,C additive has a fine
mixed texture of a homogeneous structure with randomly
oriented grains in the range of ~2 to 8 um, as indicated in
Fig. 3a. It is clear that the grains are very tightly sintered
together and no obvious cracks or defects could be found in the
grain boundary. Fig. 3b shows the surface morphology of

100 nm

Percentage of total

produced polycrystalline diamond (181010-18) with the 5 wt%
B,C additive. The aggregated diamond sample possesses
a lamellar structure and high density (Fig. S47). This structure is
similar to that of the previously produced ultrahard np-
diamond by direct transition from graphite under HPHT
conditions. Fig. 3d and e show the EDS map of the B element

—
=)

—
N
T

o
T

N

10 12 14 16 18 20 22 24 26 28
Grain size (nm)

Fig. 4 (a) Cross-sectional TEM sample prepared by FIB milling. (b and c) TEM images of the sample of the area marked with a red box in (a). (d)
Grain size distribution of the produced polycrystalline diamond sample measured from the TEM image.
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(purple color) and C element (blue color) in one selected grain
(Fig. 3c) of the sample (181010-18) with 5 wt% B,C. The EDS
map of samples at low pressure (Fig. S51) shows the sample
distribution trend. Elemental mapping proves that the B,C is
uniformly distributed over the entire area of the grain.

In order to determine the underlying microstructure of the
produced polycrystalline diamond, we prepared a cross-
sectional TEM specimen for the sample (181010-18) with
5 wt% B,C using a focused ion beam (FIB) milling technique.
Characteristic TEM images are shown in Fig. 4. TEM images in
Fig. 4b and c confirm that the produced polycrystalline dia-
mond is uniform and well sintered at 18 GPa and 2273 K. The
sample is composed of some aggregated grains of nano size.
Moreover, unlike previously sintered polycrystalline diamond

1

0.28nm

Fig.5 (a) Microstructure of the grain boundaries in the produced NPD
sample with the % B4C additive. (b—d) HRTEM images of the interface
for the diamond/diamond, B4C/B4C and diamond/B4C grains,
respectively. Top insets show the related SAED and Fast Fourier
Transform (FFT) images.
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with a transition metal catalyst, it is interesting to note that
there is no porosity at the interface and the grain boundaries.
Fig. 4d shows a size distribution derived from 211 nanograins
on the basis of HRTEM measurements. The average size of the
diamond grains is ~16 nm, which is close to the critical value
(typically ~10-15 nm) for the hardening mechanism of nano-
polycrystalline materials by the Hall-Petch effect and
quantum confinement effect (Fig. S61)."*'>** Such characteris-
tics in the sintered np-diamond usually indicate strong
mechanical properties.

Fig. 5 shows the typical HRTEM images and the selected area
diffraction (SAED) patterns of the grain boundaries of the
produced np-diamond. Fig. 5a represents the structure of the
sintered diamond and no visible defects were found among the
diamond grains. Three diffraction rings in SAED patterns (top
inset) corresponding to the (111), (220), (311) planes of the
diamond were observed which accounted for its polycrystalline
structure. Fig. 5b-d display the typical interface and grain
boundaries of diamond/diamond, B,C/B,C and diamond/B,C
grains, respectively. Our observation shows that the two
randomly distributed domains have already been stitched
tightly together by HPHT treatment. The stacking faults and
partial dislocations at the interfaces, as indicated by blue
arrows, play an important role in releasing residual stresses
within the sintered bulk materials, leading to high stability.

To further investigate the chemical bonding characteristics
at the interface between diamond and B,C grains, we carried
out XPS analysis of B 1s, C 1s and O 1s (Fig. 6) on the surface of
the np-diamond (181010-18). The B 1s spectrum shows
a different shape and position compared with the main peak of
pure B,C located at 187.1(£0.1) eV. The B 1s in Fig. 6a is fitted by
three main peaks located at 189.8,191.7 and 193.25 eV, which is
similar to previously fabricated boron-rich pyrocarbon (~33%
B).** The high energy components correspond to oxidized boron
atoms in the B,C after HPHT treatment, ie. BC,O at
190.0(+0.1) eV, BCO, at 192.0(+0.1) eV and B,O; at
192.0(£0.1) eV. Four peaks were observed in the C 1s spectrum
(Fig. 6b) and the strongest peak was located at 285.15 eV which
was caused by the C-C bonds in diamond.>*' A higher binding
energy peak was found at 289.25 eV from C-O bonds.**”?*

Bls

Intensity (a.u.)

C-0-C

Cls Ols

188 284 286

288 290 292 284 284 284 284

Binding energy (eV)

Fig. 6 XPS spectra of B 1s, C 1s, and O 1s core levels, respectively. The spectra are deconvoluted by Gaussian fitting (dash curves), indicating

possible multibonding information.
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Meanwhile, two moderate peaks were fitted to the positions of
284.65 and 286.65 eV close to C-B and C-N bonds.* The O 1s
spectrum in Fig. 6c¢ is constituted by a main strong peak at
533.25 eV similar to C-O-C bonds.>*' In addition, a weak
shoulder is fitted at 531 eV from B-O bonds.* The source of
oxygen is air infiltrating the powdered sources of B,C and dia-
mond powders in the process of the HPHT assembly.

The measurements of Vickers hardness (Hy) on the high-
quality polished surfaces of the produced NPD sample with
the 5 wt% B,C additive were accomplished with a standard
square-pyramidal diamond indenter. The loading forces were
controlled in a range of 0.98 to 9.8 N to create the indentations
for obtaining the asymptotic region. The sintered diamond
under relatively low P-T conditions (6.5 GPa, 1750-1950 K)
showed hardness value ~42-46 GPa (Fig. S71), with ~8 mm in
diameter suitable for cutting tools. For direct comparison, the
HPHT treated samples at 18 GPa and 2273 K show much higher
hardness properties. Fig. 7a shows one typical hardness-load
curve of the produced np-diamond with 5 wt% B,C (181010-18).
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The asymptotic hardness obtained at loads above 5 N reached
up to 87 and 90 GPa (Fig. 7b) for the np-diamond with 3 wt%
B,C (181010-16) and 5 wt% B,C (181010-18), respectively, indi-
cating a new ultrahard material. This Hy value is almost 1.5
times harder than that of the single-crystal ¢cBN and has reached
the range of single-crystal diamond.

Furthermore, it is important to note that no obvious crack
was found around the obtained indentations at relatively low
loads below 4.8 N while only a little short cracks could be found
around the obtained indentations at high loads during hard-
ness measurement, as shown in the top inset of Fig. 7a, indi-
cating the ultra-high fracture toughness of the sintered
diamond samples. We employed the high loads in the range of
4.8-9.8 N to create cracks for the fracture toughness determi-
nation of the produced np-diamond. The produced typical
cracks are shown in Fig. S8.1 The determined fracture tough-
ness values are in the range of 8.448-15.18 MPa m®® and 10.9-
18.37 MPa m°? for the np-diamond with 3 wt% B4C (181010-16)
and 5 wt% B,C (181010-18), respectively. As shown in Fig. 7c,

a
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Fig. 7

(a) Vickers hardness (Hy) of the produced NPD sample with the 5 wt% B4C additive as a function of applied load (F). The right top inset, an

optical image of the indentation with cracks produced at a load of 9.8 N. (b) Plot of Hy against K¢ for recently fabricated superhard diamond and
diamond-like material, including BPD diamond with the B,C additive (this work), single-crystal cBN,*® np-cBN,*® nt-diamond,® single-crystal
diamond,® and cobolt-doped polycrystalline diamond** for comparision. (c) Comparision of strength for diamond-like materials. (d) Typical

thermal stability of the produced NPD with the B4C additive.
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the maximum fracture toughness value (18.37 MPa m°?) is even
~24% higher than that of the hardest known nt-diamond®
(14.8 MPa m®®) and a little greater than that of the toughest
CVD diamond® (18 MPa m®®). In addition, we note that the
produced np-diamond exhibits high thermal stability (Fig. 7d).

Taking into account the large-scale homogeneity and isot-
ropy, the produced np-diamond with noticeably enhanced
strength and toughness in this work can be easily fabricated into
arbitrary shape for industrial application. The previous results
have proved that the mechanical properties of ultrahard dia-
mond and diamond-like materials can be effectively improved
with the assistance of the twinned structure or insertion of
relatively soft phases (e.g. ¢cBN) at the grain boundaries.***?*2*
Thus, the simultaneous enhancement of fracture toughness and
stability in this work primarily depends on the existence of the
soft grain boundary phase, B,C domains (shown in Fig. 5), which
is of great help in releasing the residual stress formed during the
HPHT sintering process. Combining the ultra-hardness and
high thermal stability, the successfully enhanced strength in
sintered np-diamond by adding B,C in the HPHT treatment
environment opens up a novel effective approach in improving
and controlling the hardness and stiffness of polycrystalline
diamond, which is critical for their further widespread applica-
tion in the industry and high pressure science.

4. Conclusions

In summary, we fabricated ultrahard np-diamond by directly
sintering nano-diamond powders with the B,C additive under
HPHT conditions. The average size of the diamond grains is
~16 nm, which is close to the critical value (typically ~10-15
nm) for the hardening mechanism of nano-polycrystalline
materials by the Hall-Petch effect and quantum confinement
effect. The asymptotic hardness of the produced np-diamond
with 5 wt% B,C can reach up to 90 GPa. More importantly,
the maximum fracture toughness values were found to be
18.37 MPa m°?, due to the existence of the soft B,C domains at
grain boundaries, which is about ~24% higher than that of the
hardest known nt-diamond (14.8 MPa m°®) and also a little
greater than that of the toughest CVD diamond (18 MPa m°?).
Our work provides an improved understanding of the mecha-
nism of function enhancement by the interfaces for the inter-
faces in polycrystalline materials and a new convenient and low-
cost method to fabricate ultrahard and ultra-strong diamond
materials.
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