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Fig. 2. The scanning electron microscope picture of
sample sintered at 16 GPa and 2300 °C [48],
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Fig. 3. The stable region of graphite and diamond,

and the formation region of Nano-polycrystalline dia-

mond [34,47,56,77,80-83]
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Fig. 5. Vicker hardness of samples sintered nano-diamond
at 18 GPa and 2300 °C with different applied load (48],
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Hvy/GPa
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1 1 1 1
8075 2 4 6
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Bl6 49K cBN [k AT 5 /1 i1 e 806 R X 129

Fig. 6. The Vicker hardness of nt-cBN sample as a func-
[29]

tion of applied load

K7 8 GPa, 2000 °C % T & ALK PcBN [t
B 24)
Fig. 7. Optical microscopic image of a sm-cBN sam-

ple sintered at 8 GPa and 2000 °C (about 6.5 mm in
diameter and 4 mm thick) 24,

AR 9% 58 & S T7 ARG e oRE RS 2 78
200—500 nm, AT IR R, 78 SRR 184 28 &
XIS 248 W 8 (a)—(c) Fras. FE&h kL
(1) HE e 2 8 B 2 o X AL T 40 oK RS, B ACR
TSI BACTN I T BT 20 0 R M B 2 4
J7 T o B T B BRI, 28 [F) T 40K 28
SEIT RARII B A 1290, B AR B8 i ST 5 B AL
FE S TE B8 RN R B 2 75(3) GPa, Uk
T & (= T 58 o BN O (4150 GPa), Bk
FLTH & WA (AR 2 X R] (60120 GPa), Wi 9 (a).
B SR AE 2SR P AR ST o, iR
1325 °C, f& T Hd 5277 ZALHN (1100 °C) Fighk
R TR (1190 °C) fy#dz e, Wi 9 (b)
KRR
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(111}
(111)- _ -(020)

8 (a) 8 GPa/2000 °C %/ & MM ILHCK cBN i 5 7 BB E1E; (b) 8 GPa/2000 °C 41 & M
WK cBN (13 5 i T R FIE BoR 28 X (c) 8 GPa/2000 °C 4 1F T & BMIERCK cBN [/ /0 FHiE 4 d T

i R (24]

Fig. 8. Transmission electron microscopy (TEM) characterization of the sample sintered at 8 GPa and
2000 °C: (a) Low-magnification TEM image of the sm-cBN sample; (b) TEM image of substructure in a

submicron grain; (c) high-resolution TEM image of a sm-cBN, inset: the corresponding selected area electron

diffraction pattern [24],
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£ 1004 :
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= TolK | 13760 | 14600 | 1525
:
£ 100
O
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1525 K
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Temperature/K

9 (a) 8 GPa/2000 °C %M F & MM WK cBN )
o PR R IR A B 8 (b) 8 GPa/2000 °C 24644 K &k
(¥ THCK BN [ 234 [24]

Fig. 9. Properties of a sample sintered at 8 GPa and
2000 °C: (a) Vickers hardness as a function of applied
load force, inset: an optical micrograph of the Vickers
indentation with cracks produced at a load of 49 Nj
(b) the thermogravimetric curve for sm-cBN sample.
Inset: table showing oxidation temperatures of differ-

ent ¢cBN samples (241,

H I AR 58 i 3707 AL B AN Tl PeBN 4=
Il b A B AR R R B4 G 10 BR, B
I SE A ) R R AR e, (EL A i U I T ) 4
¥, WAROK 2R i S 77 S AT 14 70 T B 453 e K 6

—H/NT PcBN B T8 B, 24754 25 min /5, T
K B i S 7 A ) L IS T TH R B R NS 1
1M Tk PeBN U AR 0, B DL ASOK 5% i 37
BACTI AR E T 3K 42 1) A s 9 Bk i R el Tl R
AR, T H K B AR 5 & S 7 BT A R
B BGRAFEUE, BT LA Tl S B9 ).

0.16 1 —#— sm-cBN sample »
e cummeruM
- -

0.121 7

0.08 1

Flank wear Vb/mm

0.04

5 10 15 20 25
Cutting time/min

10 8 GPa/2000 °C %1 T & MM LRk cBN 14
T AR, (24)

Fig. 10. The width of wear on the as prepared sm-cBN
sample and commercial ¢cBN as functions of cutting
time. Inset: photographs of the sm-cBN samples at a
cutting time of 25 min (247,

A FIAS[R] AR T SR, 451 a8 g A s A A
P RUR EAGH I ARCK S 75 BAG I 55 & B H A 9
Ky AR i DAL S AR 28 i 5 44 (K375 A ISR
GBI RL, FECRRRSL T BACHIR S P fe e PE R
IR, SO Mot iR 1 HLAE R X LR} A SR
BEAHAE 70 GPa LA L, PRI N AR R E G AR
I AT SR A 107 17, OSSR Tk AU
IR TR 1 4.

B 7 R AN [R) AR SIS 1) AT 944 be 45 58 il 3707 &
CHIAERE, BIF T A1 i e AR 2 4% T Aok be 4 5%
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S ) . R I A e SO A R T ok AR
e 2 A AR A L SRR e A 3 B, W
Hibbs Fl Wentorf (1) 75 & 18, &5 JE 26 £F T ) F % 44
H11) ALFI Co J245 PeBN &6 Fr, il ik £ AL

x n * ) 3
'z 8 1 . ¥or . ‘.-' o

Co HI¥E s, FEAA A Al-Co i &3 B3 BN JZ, Mifi
il 2% H 7 BN & &= = 1 PcBN JJ B4kl Rong
H Yano 2 R B Co 3 2t BN JZH BT cBN (1)
FeEA. HT LR R, AR SCE# B e B 4 d it
FI VR A AN B VR 0T b e 8 B 4 57 05 AL B i)
SR B TE E s e gt i R, RIS S 4 A
J5id cBN Biki A E 25 5 M E s A, Wil 11, &
JEIFBIEA R T i e R4 T BN & bR TR Al

-

(b)

y

11 FIREBARTT R T1 5.5 GPa R 1500 ©C 2645 FHRETHIFE MY (a) 50 B T B0 0BT BRI (b) &

547 193)

Fig. 11. (a) The scanning electron microscope and (b) metallographic micrographs of the samples sintered

at 5.5 GPa and 1500 °C [93],
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(a)

col —a—1500 °C/5.5 GPa

554

50

451

Vickers hardness/GPa

40

35 T T T T
40 60 80 100
Applied load/N

Heat flow/w-g~1!

|
—
S)

|
)
=}

800 1200

Temperature/K

0 400 1600

Bl12 (a) FIFBHEEAE R T 5.5 GPa, 5 1500 ©C A4 TR IR SR AN F 1N 71 (4.9, 9.8, 29.4, 49 #1198 N)
DB 4k IR BE; (b) RSB UL2E/E K 77 5.5 GPalHE 1500 ©C 44 T Regh RE I 22 bt B (c) & AR i K e
B (d) FIFIBIBARETEE 77 5.5 GPa R 1500 ©C 44 FHe4h (R F T PeBN JJ A& 93]

Fig. 12. (a) Vickers hardness of the samples sintered at 5.5 GPa and 1500 °C with a applied load of (4.9, 9.8, 29.4,
49, and 98 N); (b) the differential scanning calorimetry analysis of the sample sintered at 5.5 GPa and 1500 °C

by layer-by-layer assembly method; optical pictures show the (c) as-recovered sample and (d) the cutting tools

processed form the sample sintered at 5.5 GPa and 1500 °C by layer-by-layer assembly method [93].
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T 5 mm, WE 12 (c), A% TR T A TIHE T
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RS R RIR, FIH & R BEH % 1 cBN-Si B &
TR AR I B AL T DI 9 PeBN B4k 7] B
13.

BE 5, %R R H RIS E R G AL T
AN[FPRLEE BN X cBN-Si #8155 5 4RO 25 14 DA
TR g o (9415 BAR X T 4040 BN, A
KL% cBN 7E = Ik R A5 KA, SHUBRLE 2
BEUIC P A, 3600 T AR SRR I R, I 14, M
T R 1 FE W (R 2 SEALIRE RE. i (0B 82 0 4
Fe g PERA AT cBN JURL RS 38 hnimi $2 &, Hosi e

TBTEAT LI cBN 5855 R0 A 150, B bt
PRI RE, a0l 15.

0.30
—a— Commercial sample
—#— Sintered sample
0.26
0.22

0.18- -
N -

8(‘]0 I 12I00 I 16I00 I QdOO ' 24.00
Cutting length/m

K13 VIHIKESETIHEMREERRR  (a) Bk

w5 T E S OL; (b) MU BIETEE 7T 5.5 GPas i

1500 ©C 41T Heds iR i = T BE 45 1 1 (03]

Fig. 13. Evolution of flank wear of the samples as

Flank wear Vb/mm

functions of cutting length. The insert optical pho-

tographs were the flank (down) face wear of (a) com-

mercial sample and (b) our sintered sample at 5.5 GPa
and 1500 °C 93],

K14 SRR BN B 45 R b IO 34 i T R B IR

(e) 6—8 pm; (f) 6—12 um 4

(a) 0—1 pm; (b) 1—2 um; (c) 2—4 pm; (d) 4—6 um;

Fig. 14. Scanning electron microscope graphs of the samples sintered at 5.5 GPa and 1500 °C with (a) 0—1 pm;
(b) 1—2 pm; (¢) 2—4 pum; (d) 4—6 pm; (e) 6—8 um; (f) 6—12 pm 94,
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Fig. 15. (a) Vickers hardness of the samples and (b) optical images (1 kgf = 9.80665 N) [94],
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Fig. 16. The superhard materials composed of the
light element B-C-N-O [1=25],
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gE B AT . I HAE 18 GPa/2000 °C IR 7R
FE A N A T 23 W R AR S5 AR AL R
W 17 FroR.

17 5 (18 GPa, 2000 °C, 1 min) HIE32H 4 [105)
Fig. 17. The photo picture of sample sintered at
18 GPa, 2000 °C and 1 min [105],
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Fig. 18. (a) The optic photo and (b) X-ray diffrac-
tion picture of SizgNy4-C sintered at 18 GPa and
2000 °C [105],
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Fig. 19. The TEM picture of SizgN4-C sintered at
18 GPa and 2000 °C 1091,
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Fig. 20. (a) The Vicker hardness of sample with differ-
ent applied load; (b) the indentation of pure c-SizNy
with the applied load of 9.8 N; (c) the indentation of
SigNy-C sintered at 18 GPa and 2000 °C with the
applied load of 9.8 N [105],
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Fig. 21. The Vicker hardness of SigN4-diamond as a

function of percentage of diamond [105],
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Fig. 22. Laser heating sequence of diffraction patterns
taken at several pressures and temperatures. Bottom
and top patterns correspond to g-BC2N and ¢-BC2N,
respectively (161,

HEAT T 4 ICRE FE AR, 751 kg INE A1, BCoN
BC N [ 4 [RE B 43 ) 5 62 F1 68 GPa, A [F] 1%k
777 BB 4 NI 4 EGAE B 9 85 GPa, ¢BN [ 4
A 47 GPa, It LA& B i B-C-N & 414

BRI T WA 5 AR kL

24 DAEnReERE (¥ SRS 7 EALTI I aa A R
SEJ7H BC2N {9l 1)

Fig. 24. Optical micrograph of the BC2N sample syn-
thesized under high P-T conditions. The yellow ring

is the cross section of the platinum holder (17,

18 - r
i Grain size = 4.6 — 7.7 nm
5 (Derived from Scherrer equation)
15 sl 5 microns BC3N 1

12} (Rocking+/—
5 microns BC,N)
_—

BC,N

Intensity/103 arb. units

Beam size = 5X 7 microns
wavelength A = 0.4246 A
(Image plate detection)

(331)c

(331)pc

gx LRIk, W EER AP SN B-C-N
AT ORAA, B A S A0S 7 WA VR S A T
BB, Z/EAE 20 GPa/2000 °C A2 A5 I i I
KT AREE K B-C-N RINMLAWECE &4, 11 H
KB AE M RHE Sl s N 2 RAE G AR, S5
BRI AR ER 4G, AR MG B K R B-C-N
RYIFE . AE TR U, 128 ) 7) BERA
AR SE 20 2.5 mm, BT &R SRS A

.Lll I, L

0 PSR 2 X
Diffraction standard CeO; (FWHM = 0.05°)
0 5 10 15 20 25 30 35
20/(°)

E 23 DL BEEREE I A BRI S 7 BALT AR GE A LA R
SEJ5H BC2aN KR4 ST X ST i i (17]
Fig. 23.

tion patterns taken in angledispersive mode at the

Monochromatic synchrotron X-ray diffrac-

Advanced Photon Source at Argonne National Labo-
ratory. The top diffraction pattern was taken with the
nanostructured superhard BC2N sample rocking with
amplitude of 5 pm. The middle pattern was taken
with a stationary sample. The bottom pattern is a
standard diffraction pattern (CeO2) and shows instru-
mental resolution. The grain size of the BCaN sample
deduced from the Scherrer equation ranges from 4 to
8 nm. Two minor peaks between 20 = 5° and 10°
and appearance of the (220) pc peak may reflect the

existence of superstructure of BN-layers 1,

(IR, 78 1 s J1 26 1F N, AR A th RO 2
5K (BA££) 3 mm) FIFE .

K25 BC4N BES G2 (117)
Fig. 25. The optic photo of BC4N [117],

2012 5, A AR FrE R A B E0EK

() 2 6-8 TR K Jis A o T L, ORI L BOK
s K0 <8 WA AN SZ 7 AT DR WTUGE M & LA oK &5
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26 (a) #£ 18 GPa 12000 K &1 T e sh £ b Wi 39
HHBIE A (b) 7E 20 GPa 12200 K 4145 R a4 #f dh 7
[OESEEER A=Vl

Fig. 26. Scanning electron microscope images of frac-
ture surface for BC4 N synthesized (a) at 18 GPa and
2000 K and (b) at 20 GPa and 2200 K [117],
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311 v 200 19 GPa/2600 I.<
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g e 17 GPa/2100 K
el 17 GPa/2200 K el
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> N
2] a 14 GPaj1800 K : o JLCPe2000 K AN
5 ; J 11 GPa/1700 K z|J/ B e —
= a i
“ Starting materials: diamond +cBN
a4 d Starting materials: diamond +cBN (b)
1.0 1.2 1.2 1.2 1.2 2.0 2.2 200 600 1000 1400 1800
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95 = o~
Sample 1070 K 4
90 [ V.
100 - —— i
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A, 85 [ ®== 10 um
&) L
) e 10 pm <
g 8or ! % 90 | ¢BN 1343 K
= g Diamond 869 K
-
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z E g0k
S 70F
2
>
65 | 70
() (d)
60 1 L L 1 1 1 " 1 i 1 L 1 " 1 L 1 " 1
10 20 30 40 50 400 600 800 1000 1200 1400 1600
Loading force/N Temperature/K
K27 EANFEEEEFT, (a) FEM I X SEATSE, (b) B Rh 2 BIE, (o) B IREEEINAZE B, (d) B8l i e TR

751 20,118]

Fig. 27. Phase identification, Raman spectra, Vickers hardness of the recovered samples, and thermostability analysis: (a)

Synchrotron angle-dispersive X-ray diffraction patterns of the recovered diamond-cBN alloy samples; (b) Raman spectra

showing the tendency in diamond-cBN alloy samples; (c¢) the Vickers hardness of a diamond-cBN alloy bulk sample prepared

at 19 GPa/2300 K as a function of applied load (F); (d) thermogravimetric curves for diamond, ¢cBN, and a diamond-cBN

alloy bulk sample synthesized at 19 GPa/2300 K [20,118]
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Tool life performance/min

Tool life performance/min

B

20

15T

101

E 28 (a), (b) fE20 GPa/2200 °C & & ) diamond-
cBN H&FERLER A (), (d) &N -cBN @Bl &4
TR ) S 120, 118)

Fig. 28. Photographs of diamond-cBN bulk sam-
ples and diamond-cBN alloy cutters: (a), (b) Bulk
diamond-cBN alloy samples synthesized at 20 GPa/
2200 °C with a diameter of 3 mm, over a copper screen
to exhibit its transparency; (c), (d) polished rake faces
of diamond-cBN alloy cutters [20,118]

(b)

[ Sample
B8 PcBN

@ PCD

Tool materials

(d)

[ Sample
B8 PcBN

@ PCD

Tool materials

(a), (b) 7£ 20 GPa/2200 °C & R M5 T PCD A1 PcBN & 78 Bl M fl A& 4N 75 B 7 dr ST L (c), (d) 78

20 GPa/2200 °C £ BfIRE i 5 Tolk B PCD #1 PcBN it 26 M 16 K 4 22 il 45 i fro o L (20,118]
Fig. 29. The cutting performance of diamond-cBN alloy compared to commercial PcBN and PCD: (a), (c¢) Average

flank wear versus time (min) for diamond-cBN alloy, PCD, and PcBN tools during dry cutting of hardened steel and

granit; (b), (d) tool life performance for diamond-cBN alloy, PCD, and PcBN tools during dry cutting of hardened

steel and granite (20,118]
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SPECIAL TOPIC —Recent advances in the structures and properties of materials under high-pressure

Syntheses and studies of superhard composites under
high pressure”
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( Received 24 October 2016; revised manuscript received 21 November 2016 )

Abstract

Materials having Vickers hardness (Hv) higher than 40 GPa are considered to be superhard. Superhard material
is exclusively covalent and displays superior hardness, incompressibility, and wear resistance, which make this kind of
material essential for a wide range of industrial applications, such as turning, cutting, boring, drilling, and grinding.
Most of superhard materials are prepared under extreme pressure and temperature conditions, not only for scientific
investigations, but also for practical applications. With the development of high pressure science and technology, the
field of superhard composites is more active and more efficient, energy saving and environmental protection. Ultrahigh
pressure and ultrahigh temperature method plays an important role in the scientific research and industrial production
of superhard materials. It provides the driving forces for the light elements forming novel superhard phases and the way
of sintering high-density nanosuperhard materials. In this paper, the recent achievements and progress in high-pressure
synthesis and research of superhard materials are introduced mainly in the nanopolycrystalline diamond, nanopolycrys-
talline cubic boron nitride (¢cBN), ultrahard nanotwinned cubic boron nitride, submicron polycrystalline cubic boron
nitride, cBN-Si composites material, cubic-SizN4-diamond nanocomposites and diamond-cubic boron nitride superhard
alloy (composite) material prepared under ultrahigh pressure and high temperature, by using multi-anvil apparatus
based on the hinged-type cubic press. These superhard composite materials are successfully synthesized by high tem-
perature and high pressure, and a variety of performance tests show that their hardness values and thermal stability
properties exceed those of the traditional superhard materials. At the same time, some new ideas, approaches to the
study of superhard composite materials in recent years have been introduced, such as nanostructuring approaches and
special treatments of the starting material for high-performance superhard materials, using the formation of alloys or
solid solution to fill the performance gap between different materials for enhancing comprehensive performance (i.e.,
hardness, fracture toughness, and thermal stability), or changing and optimizing the assembly method to improve the
uniformity of performance. Finally, the prospect of superhard composite material is also discussed. In the research
field of superhard materials, on the one hand, the relationship between macrohardness and microstructure of superhard
materials is studied continuously to establish hardness models with atomic parameters, which can be used to guide the
design or prediction of novel superhard crystals. On the other hand, highly comprehensive performance and larger size

of super-hard composite materials are synthesized for practical application.

Keywords: superhard composites, high temperature and high pressure, diamond, cubic boron nitride
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