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Figure 1 Historical timeline of the hardness enhancement of diamond and ¢cBN materials. The red line shows the threshold of superhardness (40
GPa), and the cyan shadowed area shows the hardness range of natural diamond single crystal (60-120 GPa)

1322



IR

HH BBV AT A IR T AR N ER I AL S R Bl X T3k
MR, L5 3l 5 A2 B A IR 2R 85 DD AR OC.
NI 28 A b s 5 32 R A 5 4 1 Al o i O, 3K
AT 2 WL BB A2 T 5 TOWL At~ B DR 2R e B 1 W, 1
BRAT 2Z [R] g 7 f B4R I &R, Al T LA o AR
(R SROURARE R A 0 4 B P {4 fT S BR . 7E IR
JEW R D, B RSk B A, Sk ToUs B 2 )
PR AL 2 B R AR R, L T Bl TS B AR
RAEIBEASIE . AT H R T — AR 0
AL, AR O b i B A B R R LA B A B
{37 T AR b A A2 o T Sk i LB 2 AL, S 34y
A, 1A o B U A W B R DR A 20 i B R 1 DAY
BRITH) Al X — i B E AV RE R T T AN
B E,, AT T ITAG A2 B Sk P AR BT, A2
B B | A BRBOR, M R R RO RE R . Al
Bt ) 2 GRS BT H (GPa) ] L3RRy

H, =AN,E,, (1)

A, AL R, N oA SR T AR N R A s A
FARBUE B 5750 2 W SCHR[7); E=39.74 d 72K
S By A BR PO Xk A R A B A A T D 1)
TEE 7oA, A — 5 R P DA I 55
T AL R B M Ak A B A AR 0 B X AR Y
B 8 7 A g AN, AT DL 7E RS (D R g A AN AT
(K F e PR AB I, Ho v i Bt A0 8 1) R 2 207
B ETL. At AA BRL 1 24 R R L R
H, =350N> d %", )
FeAT ik — 207 pE T H A S B A AR A AR
o ik % 4 JR A BRAL ) . EUAR . IR AR, K
A S A v K B dBGE AN O A — R 1Y 8 R
PE. s-p-dZ= fb i 1k 27 5 TE SR A 1) M N B v
TR, RS T s-p A R AL A R, AR 4R
e AR AR 5 T A 2 B 1Y 4 J A U 7™ S e AR 1Y
R R, i — s 5 A A B B X o R B R ) 58 Ak K
7 2RO T LA b T 2R A AR, X
A S AR R AT LR R
H, =1051N>*d 3¢ 13220 3)

Horh, fo i ek A2 S 4 A P 1 DR 0L A B
i B2 B BOULARE L FT L AE ) 2= N AL 5 2 L AT
AN B 1 2 2 A0 FRATT A SO 2 Jd o 3
Ay i A A B B8 — AN B OGO M, R 5 W IR 93
MRS B AR, a2 TR | st

Ko A ey T (S R ). TEFRATHE A% BE 2 L
MR R &N, B 2 A R R GO ASE B ol AR 4k 4
Sf 8951330 st A8 0 45 45 5 R I O A 45 R 4 R Oy
PEEEET Sy BT TR A T A5 R AR TR
pANIUR TSR = S 2R T S g o Nk o 1
Bt AR g wmAb BB

KK, BFRERL 2 058 b — AR — M
B, RS B AR Sy — A LA R AR R RS
e EIME DA SE T ) A AT AL A
JEASE D A0 Ty bR 5 8 5 JLAR GO ) B R R, AR
P i R TR R e O X — MR, O O Skt —
AR T AT BHEE B ) T RE R AR T T R AT, 7R AR
RIS UNE W T N P SR T NI S
FRANTERE B bR, ATRER RIS FEA 245, — 2
R R Sk TR 9K < WA R R A A A R A
JE TR G TE 0 T BOR BUAT R RE R A R R R R £
o, (G AR A NI T A B I 58 2R I 4
A T AT B VR TN 4 Bl 45 R b R R R R Y, ARVE
R BLLL 4 WA SR Y B bR ORI REDY. £
AR E SN A R T ) S R SO A TR
TR BT 22 AL AR RE AL AL ).

LG n) 2 b R RE AL SR W, B Rk B R 2 B
ST EERAAE SR (TN NN RN N B S RO -
2SR IR TR AT D> 22 I NTITE: 1 % R A - 28
P2 R RPRHRE R, ok gk 25 4 1 R R A AT e, 104
s SO B S B DT RRGE R SRR Hy, = K, DT
Kup/& 5 BARBPRARSC B 78, DIEF XSk R/, 3
AT A A B2 OO R R B, AN S AR A R P e — A
B AR SC ML BT (QE Fe T2 B). B 2 S L0
A R B AR /N E B K B, AR P 2T B
B 1 R 7 AR A Y BE A, 3k R T BR AR
7 e R S R A R RE AL, FT AR OR
H, =K, D", Kest— SR RH L [F%
J R O - 3 000 i - BRSO  P A  RE AR, 22
i i A R AT AR AR

H =H,+Hy,+H, =H,+K,D"+K D" (4
Hr, HoZ M @A ERE . 2 A bRk i A
JERE S ALEAIOC, S BAC. 2 M EmA R
— AL R ST R R (dL), 10~15 nm. 4450F R ~F<d it
A 9 1 B S B [R) O80T B = S E L, &R IR
Ak, W R R RO AR IR RO TR T 2
L ArRE,  BIE A S R Y A AR T U R - 0

1323



4 % B & 2018%ES5H £63% 141

FIRER L, FLREA B9 T BRGNS IR T 2
i LA BT LGNS T 4 e A e il A T Y
RAFFBRIMFRFEEREML. RS AE T BUD, 25
LN AR R . S b, RAOTETRIIT IR W
IR-IET NN 22 dh S MR — A, X — RS54
Ji& BRI B 56 A AN T

P S AL AT )

i AL A AR B A RE A AL R BT, 4K S5 R 1k 2
PR AN AR B B A BGRR, JFEEGOK A RIA
FICBNBR A [ 52 56 rp A5 3 E Sz 01319441 55 s )
ALE A AR & p R B, i H AR RE, 9 dn AR e
PRI R EE T e R T S ) O A A ) T
WARE. BEAN, T HOR PR SR RE L R, AR
14 A5 2 R R B 9 45 ) R, TS S AR B A I A 3R
B B A0 A5 ) S e S A BRI X BB TE I X
Tolkid B2 N AR+ A R, s T 99K 45
A XoF 45 T A5 R A i A AU 1 R 48, (A5 1
BT, XK SR R R A SR RS — e T
10 nm. o] DA AR, Q2R m] DLtk — 25 /N di e RO,
R R AT R S . SR bl ad B AIR A R
JEE AR T AN K 0 i R (ERE S £
WEREHIA T %, 548 RANFE, X AR EHA
JEok B R IR - RO, T T A R R A
TSR, BB S KR WAL, DA i A
TR,

GHK i TGN K2R 2 W B AR (1Y) S f 2 2R 25 4
oA A 25 f B LA 5 A i AR L %) B A 2 i 0,
MREHE AR, KA A RGeS, 56 R
YK AR IR 1K, PRIIE f AR A BT [
A R A5 B /N ok RO FE B R AR ME S, 22 3
R 3 TR i o KA S LG LA B G L BB, AR A K
KB F1/IN, Ty TR AR /N 22 0 SRR EE . O 8 A A R ik
TR 2R S AL SR RS R R AN R 454 Bl He 4
NIl B A N T AR B SR A2, Seg0 [, mT Dt &
T8 P DR A A R I v R AR B B PG AR A ke S B
B AN K ZE A5 4. AR A e B IE H oG, 752
JEVLTF 24 (1) AHZE BUAZ B AH 4K fi A A7 7 K 1
W 22, ofE G A AR b A Al G AR, DT S5 B 2R 4 4
F5 (2) R AR AR, DT AR AR 20 22 i

fESLgeh, WATEH T HA = % B2 8 VA
SERIETIRAAR, AHARA R T R 40 40K 2R i c BN ATE: NI

1324

AP T A T R W, Bkt R gk
s R 8 PR B T e % R A R R (11 2R A5 A
K2R e BN - 3425 5 R BE A5 3.8 nm, il & FTAT
SRS B A P BEEE AT 3K 100 GPa, JEcBNHL
AmA2~345, WM T 12 MPa m'?, ALY
4%, MARZAR I 5o i T 1% 58 cBN L S A4 R s, $T
AACTRFE AR E T 191°C. 92K 28 5 4 NILA Bkt 157
PAE R EARES nm, HEEAMRERE TR AR
B K- A 3200 GPa, KR SR 4 NI (243,
SEILT A R R AR A I B A N TR RN
B WA MEIAE10~15 MPa m'?, 5 R§ A6 RS
S HY, PUEAALIRE H KSR 4 WA R 1 200°C DL .
ghy K AR 5 A WA BB 9T 45 R S 2 S 5 iE — 20 E
i[SZ,SS]‘

P2 B2t T — SR Mk B 9 K 25 F c BN 4 WA
A ) A TGRS R Bl I8 o 20 2R IE RT (B R K /ND g
AHEE AR, ML SR THAG)IHER
. T2 5heBN, Hy, KupflK, 314939 GPa, 126
GPa nm'?#1130.7 GPa nm; X} FZM4ENIf, Hy Kup
HK 5331490 GPa, 164 GPa nm'"*£1189.7 GPa nm'*".
SCE RS ST RAR G S, RIHGUKR G
cBNF14: NIl HbA HE /NG oK RUBE B AT5 8K 0T LA B %5 Dk,
AR/ NI R 22 AL . X — a5 5 4 B AR R[] P04,
ELR U, 40K 25 i e BN 4 W A7 1% A R 30 4k

B 2 KRG cBNANG: MIA7 HUbh i) 2k CQRE FE I P24 ok R (D)l
LRIEFEDBMLR. aa=>,A . RE. 58, BOEE. =f. B
JE 7R B 4 3ok [ SCk[ 101, (161, [531, [13], [14], [15]. #hZR A
K@WHHHEME

Figure 2 Vickers hardness as a function of average grain size (D) or
twin thickness (A) for nanostructured ¢cBN and diamond bulk materials.
The red triangles, circles, diamonds, and black stars, triangles, circles are

data points taken from Ref. [10], [16], [53], [13], [14], [15], respectively.
The curves correspond to hardness estimated from Eq. (3)
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Figure 4 Stable carbon phase as a function of temperature, pressure and microstructure characteristic size. (a) The pressure-temperature phase dia-
grams for bulk carbon™"!. (b) Hexagonal-cubic phase transition temperature as a function of nanocrystal size for nanophase carbon and boron nitride at

zero pressure. The areas below the orange and the blue curves indicate the stabilized regions of diamond and cBN, respectively
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matically represent the slip systems in the polycrystals with dislocations

indicated by L. d; and d, show the diagonals of the formed indentation.

The dashed line emphasizes the basal plane of the sample surface'*”’
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Superhard materials play irreplaceable roles in the industry areas including mechanical processing, oil exploration, geo-
logical exploration, etc., as well as in the scientific fields such as earth science and high pressure science. Developing
high-performance superhard materials with extraordinary hardness, fracture toughness, and thermal stability has been a
long-lasting goal for both scientific and industrial communities. Natural diamond has been thought of the hardest material
in nature since it was discovered in ancient India more than 6000 years ago. Ever since the successful synthesis of dia-
mond in the laboratory in 1955, finding artificial materials with hardness exceeding that of the natural diamond has been
a pursued dream of human beings. However, this is truly a challenge to materials science, and many researchers have
argued that it is impossible to fulfill this dream. In 2003, we proposed a microscopic understanding of the indentation
hardness as the combined resistance of chemical bonds in a material to indentation, and established a microscopic hard-
ness model for covalent single crystals. This model reveals several key factors, such as short and strong chemical bonds,
high valence electron density or high bond density, and strongly directional bonds, which are beneficial to enhance the
hardness. On the base of the hardness model for covalent single crystals, we systematically investigated the hardening
mechanisms in polycrystalline covalent materials, and established a hardness model for polycrystalline covalent materi-
als. Two main hardening effects in polycrystalline covalent materials are identified, namely the Hall-Petch effect and the
quantum confinement effect, both of which contribute increasingly to hardness with decreasing microstructural charac-
teristic size. As a result, polycrystalline covalent materials can be continually hardened with the microstructural charac-
teristic size down to the deep nanoscale, which is significantly different from the nanostructured metals and designates a
brand-new direction to greatly enhance the hardness of covalent materials. Nanograining and nanotwinning are two pop-
ular strategies to minimize the microstructures. Twin boundaries possess excess energy typically one order of magnitude
lower than that of grain boundaries. Nanowinning thus provides a more effective mechanism to achieve smaller micro-
structural characteristic size compared with nanograining. We proposed a novel idea to significantly enhance the perfor-
mance of diamond and cubic boron nitride (cBN) through forming ultrathin nanotwinned microstructures, and synthe-
sized nanotwinned diamond and ¢cBN bulks from onion-structured carbon and boron nitride precursors, respectively, via
martensitic phase transformations under high pressure and high temperature. Nanotwinned diamond and cBN both shows
greatly enhanced hardness, fracture toughness and thermal stability compared with the corresponding single crystals due
to the formation of ultrathin nanotwins. The hardness of nanotwinned diamond reaches 200 GPa, twice as high as that of
natural diamond and turning the dream of synthesizing a material harder than natural diamond into reality. In addition,
there is no hardness anisotropy or cleavage features typical for single crystals due to the randomly oriented nanograins
and nanotwins. The successful synthesis of nanotwinned ultrahard materials is a great promotion to the high-performance
superhard materials research. With these advantages in performance, nanotwinned ultrahard materials can produce tech-
nological innovations in industry and high pressure science.

superhard materials, nanostructuring, nanotwin, hardening mechanism, fracture toughness, thermal stability
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