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Fig. 1. (a) Schematic diagram of diamond indenter and indentation of Vickers hardness measurement;

(b) force analysis of the indenter and the sample.

036104-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 66, No. 3 (2017) 036104

WP 1w, W A Sk — AN DO Be 4, TRk
JE Sk BT 52 169 307 LA i D DY A 5 o Bl i — 2 S £
(77, Sk FENRE i 3R TH 2 7E R B R — A5 & )Y
PEHER 0 TR IT, 24 8 2 0 R, i 1) 28 A 5
JE IR R THI AR S SCHE I A BT, i SRR R
FAH T2 W R SRAB 3 20, FLAE R IR 3R T 1) 565
BB A, B, EREEAN =M
T 1 el LA RN PR AS T 1l S5 —ANJ7 1A f
HeEL A, BRI RS, 53— 70 fo X5 BT
FESR I R E F7, 72 A AN BRI BE T Fg. AR AT
DRI Mo R B A A I PR 48 RO B D) 66 A7, 4 ER A
& X UR:

_ 2Psin(6/2) P( kg

Hy o =185 ), (1)

S, PAEA, d N RO Fr 4 K (mm); S
o TR AR R T 0 DU b i T Sk 95 A 0k 7 ) S8 £,
0 = 136°.

0 e 07548 A 72— 2 4 A BB
By 0, 5 8 S0 A 8 7 8
1, A5 R 0 TP (8 55, BB RE SR
BOE, AT 3 T B A 5 M T A B
RN AR R TR R8O, AT BT
5 RN TR Sk R I TR TR R A T — 5 R p
MEFRAS, 4 PRI AR AN, PRLLAE A B B
FEM L. (BRI B R
SEA IR, B EAERAT R R R Z
HEK, RITRAT — 2 MBI, X B R
BB, PR FE FRARR O 2% 5% 2
. 3 SN T H A T LR DA [ 0% 2 2 3
AT K IR, ARG X 5 kA A, H
M 5 2 9 e T (8 1 A 58 7
KEGTRTL 5SRO BRIE L 4532 . SRR A
A R R T A 2 X R O A
. BRI T LB AR R, TR AR R SR
TR LB A7 TEAR % .

mm?

2.2 fEEER

MBI KR IR, — BB A K55
I — AT ). T2 WA FE I O L e ad 1
IR IR TT, C2RG 7RI R I T —
ORGP AR, ARG bR R T 2 i R ) o ) A

i 78

iR GNOET R e o S QER TS P p S SN E N i
B BY5 G ZRIMRR, #MER T —R50 L %
R 4, AR BUE A 5 st A
R, Mg — At AR AR G B R R, BT
DL T U6 DS AR O 25 44 - AL 224, Fe T2
KSR 5APRHIAE B ] 1) 9C &R, 65 @ar
7 P AR

20 42 50 4 A8, Gilman [*?, Liu A1 Cohen [°!
R DA P A v (A R X LA I A R
B, IS 1 B S A8 2 (R O8 &,
{HI2 2 Ja IS e R B4 s S & B 5 A 2 2 [H)
1% R IFAK. 1996 4, Teter Fl Hemley [*4) Xk
UM RL i FEAR 5 M B B DB & G 2 [0 — &
FIEH X &R, Hy = 0.151G. Z4 % AR NFHhE
Bl BERP R AL T — N T 1] S R, BARE R
PR R T )R R KR 2, S A AR &
BTN AR SR T AATT 4K w5 i ) A B A 11
—ANbRiE. BEE SR MR R R R, ATRTRL
FH S AR R O B oK S B R A L, A SRR
R YR A

JE IR DT, G 5 20 o A5 AR R 2%, B A
R A il 3 10 A8 T X380 Pl A 4 2 BT 4 NI A T =k
AR AR 0, Rl R IE b T AL 2 B i i
52 Bl B SR A, b S Y 5 R R sy, i e
o, DUPAAORE A FE (N s B F . T b R AR
o, NIRRT AZ BRI, (HAR SR 2 it A
[ () AR AR D B 2 i SRR AR 2 A 2 BRI B BE, AN
AR 8 e 5 SCPRT B 1) iR B % S 7R o S e F s

2003 4, R HE IR 0 SR B £ X RN S
YL B W P LA A S 4, el K v R i O R
— I T AN R S B SR R ALY
/NG|

HY = 350(NE)2/3 71 (qi)25 (2

Horp) NYREAS p R SN TR, f R
I, v K. M ARTLE S, R %
SRAT T v (R TR T I R R L
SR ) S RN B B () SR A, (RS A
17560 S5 5 85 T PE AR B = PR 1 58 S, 5 ) 5 (A 4
AR INE . 2006 4F, #E—H 5] NE SR fE K
R, THEYBR ARERE 1)) R T SN
B A A, A AR R TR R < 25— R EE . 2008
E, Guo 25 VTR T — AT Inse & 1 5INT

036104-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 66, No. 3 (2017) 036104

—ANRORBE P SRS R i, AT DU &
JE AR AL S B [ A A E . A N

Hy = 1054Ni/3d_2‘56_1'191fi_33'2f3{55‘ 3)

MEL SRS AT DU H: ek sy PR B8 B/ P9 B
FLO AL 225 B AR 3L B L BRI & B PE S 5
TR B ) s—p Bl s—p—d B AE R AA A TR
TP B RE . H A2, DL BRI AR — SRR
W AR R T S R AR AR = B e L, R
5T 1 7 ] 25 40 S TR 2R

2006 4E, $E 75 F} =B i) Siminek Al Vackar [9]
b A8 AL I b T b 2 e ) R R R A 2 i ) 5
DIE AR E LTSRS & Sy, JF9IN T 811
BIESH f., AR BIERLA

c n 1/n
H = Qn( H NijSi]'> eiafe,

i,j=1

o bl /3]

Hrh S = VEi€j/dijnij, Nij REE R0, jIRF
] SR A2 i, K NPR RTPANFE IR TN, o N
KIS H. T IR AR AT LA I e bl Bk T e Y
e R B 0 S T Y i AP AT SR AR A 1 K,
EARTT WA T 2WSH, I HX 2 (W 454 1%
JERFH T 5HIRAE 2SR, HTaRsH
FRY SIS PN B SRR AS O AN R R 75, IR
BRI A Y A& IE 4R H 19,

2.3 WITHEARBERGE

A o Ak 2% A R 7 15 0 AF R DR A
XL EANAR, AR R PR AR S AL R
R RN 1) ARk & ) [F PR, 00 b
G MHRHE it PR Z5 AT o BRI 2) i T
FESNINE S AR R R 5 R NN 715 3) AR &R A
P8 AT 75 1A A AR 5 PR e A i 19X 2% B8 P2 v ELAT 7 17
R 78, XA LB Ik R A R AR IR A, <
J A B AT g RO, i DK AR BGBR AR
BUASR] 26:27) - NG FE AL AT LA B, RIS I I 4
B S RICRBEEAEL, LGN N IZ A R ER
B 5 AN L 7 R, O 2R Rl D W R A S )
BTSRRI sy, X JFE N TR Rt
FEREA R AL T — s RS ATTT 1.

FORLRH TR, BiE — MR
{5055 T R BT 53, (R 55 B S b e 45
Fi. SRR T A SRR R T R
AR5 7T BABT IEROR R TR AR R, TR
FEREVRRRRE , 3R 45 7 2 4 A B SR 44
e 26, P 2 25 4 00 T MR A R R
LR 0 SR T SO A, )
2R LA BB T B0 T A5 45 AR oL S
AT BRI 0 4 B P TR E, T B
R 70 3 DRI 4R X A7 25 25T B o
TR EE S AR 0 4 T A
BRI, 7 R BRI AL T4 R4, (2
P T i 5, S e 9 e 1
AT, FTUAR BB BEAT L. p o T4 70 2T
B R R TR AR A
PR RIRAR 2 R B L T R — R b, R T AL
SRS PR B FIRT, B p oy 5T
AR T LU RS B S B, T L e
T B BT — 2 7 P 5 T, T BRI 5
TRAERL, FEFDR ST VIR, X T
BRI AR 25 AR A d, FHUE
T S A, T BORTE B I R T LR
G A RO R S A RS AR A LLTURL,
R IR F 3k 42 B A & DAL AR 7 b 0, d, £
HOARELAR P 20 53 K F (0BT R I, 453k
DI EEI R, AT AU LR % 4 5 e P
HREHHE R, 1277 410 L BARR S A
PR

I ) (5)

B € B4 R A8 B A VRV TE W) R (K S5 4. D)5t
¥4 # T DUE I XOEATH S 7 SO 5 07 VA €,
(RS 0] B K RARAE BT AR 20, B iR
BEAT B TH AN L AR A AR A BE; A, X
THEeRSRITRLEY), @BH b TEEEET
R Tm KT RITR, M T AR
Yolst, XOese it kR EATIX 0 JF, IX R SEaa it
FEAB B ) — AN R e PO R R A DA AR A
T ORAF B IS (0 A M, 3 I A 2 R
B vy A S A R T SR B W SR T AR
AT ARAFRI A 5T LA FH 5 0 0 1) SRR 5 A
B SCHRAR TE AT A g T 25 44 2547 0 3R B AR LA
ST DR AR 254 2L AR BT AR o &R B

036104-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 3 (2017) 036104

TEARAE R 22 ), B A 1 T 1 o R A, fE
JE IR HR AR T R A AR K 22000, 4, Fe Al
CrfEyu s IR A B Bk, 1R 2 W B PR i AR 47
{HRAEEJIMER T, FeBy Ml CrBy #1745 AR AHAS

B 3] [, AN P o 4 1 R RE A R B
B, i ELAR o i [F) 45 2% AR T B 2 M R LA, X
ALt 2 BERLVLOR TR W A R S 26 R Al e
g,

800 (= C

(=2}
(=
(=)
T

o
T
L

Cohesive energy/kJ-mole~!
o IS
(e} [en}
S S
T T
-—_
Ly S .o
»
L .a.‘_. 4
=i
.‘4——‘4’?0 ]
=

0 10 20 30

50 60 70 80

Atomic number

7
] (b)c
Gj Fe = WHR. =
—~~ b B N‘
= e GO Mo T&f\ﬁ
% 5 Ve ¢ = b A
< Bar si ﬁv \ u i o
A Ge Dy o Pa
é 4 ﬂ Sc {."av‘ 2z o Nu“\lLEr LY i L)
= Mg ; Mn As v Sn N Pm lu Hg Pﬂb \
s} Te La" Tm Pu
g Ca | [ Po Ac
= ? s - AR T
; i \ } lce &'Gd - Raf
2 Se Ba
= 2 Na| l
. Kr
13 K
] o Ar Rb Xg Cs Fr|
] NA-V"
0 TTTTTY T ‘cj --------- r;.|;1 TTTTITT T L EAMML MU N l’-‘t- le'rf|+I'l'l'l'l'l'|"l'l'
0 10 20 30 40 50 60 70 80 90 100

Atomic number

B2 (a) BT FERLA RN R LU (b) ok BUR ) B SR SO R 7 R BN E R 2O, BB 5 T R 8

¥ T AR 2 AL AL R (1)

Fig. 2. (a) Cohesive energy as a function of atomic number [41]. (b) natural logarithm of the bulk modulus

as a function of atomic number [26]. Both properties follow similar trends within the periodic table [

RE S 75 RE W 5T 45 A 1 EE AR, 3 WA NI
IR R S5 R0 T RE R4 R e/ MEL, BT A
R AR 70 8 1 400 IR A R B bR AT e /M R 3
f/ME, At e T T A SRR i, AERFRE
TEOUT AT AAELE, i T BUAEAR IR TC ik vl 4 I
s S L 9 2 ) B, ARV T 2 Ry /MBS
RIS AR e . WIBR I RERE N (6) PR,

. K2 Z]€2
M= g 2V 2 gy

i#j
1 Z]ZJ€2
+5 Z ’ (6)
22— |R; — R/]

Horb Zp A0 My 73 AR Ry b 81 S B HE A £
A&, me N TR, r VA BT T E AL
B, VIR AR BT LUE VR & Ry My 1 BRI

41]

T o7 — A 2w & 5152, B DLAT DL g
i A 5T 1 R B R R S AL ) R A, A
B X RE R R BUE SN AN OINME, Sk R
i BUA B — 2 H B B H A /MEREA 2
ATFREN, X FE— W BIE R k. B
i1 USPEX P49 CALYPSO [6=58] Minima Hop-
ping 59 ATRSS (691, MATSE [61] 28 2 K Fl &4 i)
R, R B B G 5T ) B S A AN O T R, T
B BEE &P a8 = A 1 5835, 3T BT L
AR ROR . W HAE R e 4 R
SRE M B )RR E 1 LA R ) R e AT R 5,
Al DA 2 BT 1S B 45 14 02 5 A 2.

TR, WA 5% 2 R TR R R AT
LR I3 5, BRI RIS — MR B T R
PR3 7RI KRR, RIS — M E TR R R
JIR 15 B O AR R O AR B T A A
WA, — BAfE — P 4 oy S i ANAEALE

036104-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % 3k Acta Phys. Sin.

Vol. 66, No. 3 (2017) 036104

AT, WA DO AR B AT BT T, FRAT AR W HER
Hidle.

3 ML BETTE AW R
#igit

MR R TR SR B
Tl B R AL S, I e A R R
R T BT L AR A (R )50 ) 22 Zh REAT R T2 B
MFBL SRS REF TR SRR TR
PE B AT S B — SE R PR R AR, IR AE I &
JE BTN IR R

R H T N R (0 A = B 1K D LB A B
EARA, FT LAJR R () I 4%, G 7E SR 4L 102081 Ay

1.2

. T T T ¥ ;
L P2eN, PA2ON, cg-N
) : . Cmmm-Re! 3
. 0.9 F@=N,, Pben-N, Imm2-ReN, Rﬁ
= —
o 06k \ C2/m-ReN, 7
.E PLSMZ'REJNZ
: L O P6,/mmec-Re;N
‘é 0.3 £ -
g P-6m2-Re;N
3 o
P6,/mme-Re
1 1 1 . L °
0 20 10 60 80 100
Pressure/GPa

B3 Re-N A 5[ o M I K MR o (X 1) [69]
Fig. 3. Computational phase orders of nitrogen, re-
spectively. Red lines represent new phases proposed
in this work. N-rich stoichiometries are highlighted by
cyan shadows (697,

BAL AW 0108 th gl K B LS S MR BL. fnk
FAGA P 7T A 09 4R 47 J 2% B K 209K B UK B
Bk - B A G RO RE R R A R AR . 1E R
R T 2P L AT BEM Re-N AL &9, N 254
R ITVEFE — MR JF BT AR T T Re-N L&
T R AR, B 3FTR. &4 T F0E ) Re/N
fk 22 ST B ResNo F1 ReNg A4RE, B3 1 S mir #
T ¥ ReNy /= Fe 4544, &l 4 Fros. ok 56 k)
(B PE  HOR S T3 IE B Re-N AL &9 4 ReNy
I ReN3 AJ LLd i &1 Fe & B, FF 7 5 20% T 4 1.
B 4 7T LUK I, BB A S 2 G, Re-NAL&Y)
(1) 45 1 |1 J2 AR HE B 45 79 % A0 R 3D £ T A4 8 25
. fRARSE R H Re-N-Re B R BL 54435 9 ReN, 2
TR HERI 454, & % Re-N AL & ¥ 45 ¥ v (1) 2 T 44
HERY) &5 K 7T LAAT 2508 e Re—Re 4@ 810 A H1E
F, 2T BUBRE AR B2 1. N—N XA TG
N—N—N =% 80 & N, B H I & B Rk,
N N@#KEIT1.40 A, N XFTE M, N=N
FIN—N R R KRR, & DLECN Rl 1)
R AP GRS A, HER THESE TR
Jo B P e, P DA U 4 A S Wi o A AR
e A AR, (R AT AR — M e
fi BEM R A FrAfE 7. 3k — 20 X 77 2 M R A AL
HR L, Re-N Ak G4 (1 8 455 5 i 2602 &= i 15
TSI, WA TR R, AR T RN
TRO . B M e TR R I N &AL

R
i
Rty

(&)

4 Re-NILEWIHIEIALR  (a) Re; (b) ResN; (c) ReaN; (d) ResNa; (e) ReNa; (f) ReNs; (g) ReNy; KEK

3% Re 5T, /BRI N J5LT- (09
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Fig. 7. Calculated (a) enthalpy difference vs pressure (Hg;g-P) curves of CrN, (b) formation enthalpy vs pressure
(Hgorm-P) curves of CrNa, and (c) the convex hull diagram of Cr-N system at 10 GPa with LDA+U method [72].
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Fig. 8. Crystal structures and electron localization functions (ELFs) of (a) WC-CrN, (b) NiAs-CrN, (c¢) AsNi-CrN, (d) WC-
CrNg,(e) NiAs-CrNg, and (f) AsNi-CrNy with the scales running from 0 (blue) to maximum (red). Bader charges (bold
italics) and cell parameter a are indicated. The calculated (0001) plane ELFs of WC-CrNg and NiAs-CrN» are showed in (g)
and (h) with the same scales. The three-dimensional bonding topologies of (i) N=N triple bond in a-Ng, (j) N=N double
bond in BaNg, and (k) N—N single bond in pyrite-PtN2 are showed with an isosurface at ELF = 0.85. The N—N single
bonding pictures of WC-CrNg and AsNi-CrNjy are shown in (1) and (m) with the same level. Data in (a)—(h) are calculated
with LDA+U, while in (i)-(m) they are achieved with PBE for comparability. All data are calculated at 0 GPal72],
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Fig. 9. Electronic density of states of proposed hexagonal Cr nitrides at 0 GPa calculated with PBE and
LDA+4U methods. The vertical dashed lines indicate the Fermi levels. The LDA4U energy corrections for
the spin splitting of WC-CrN are depicted in the black shadow (721,

036104-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % 3k Acta Phys. Sin.

Vol. 66, No. 3 (2017) 036104

e b X B P52 A B R RS, e AN R U < S
AP £ B A 17081 =900 e Y <6 JR 1y 4 26 o 4 et B
JEE (MK T S5 M AR Y, — i TM By T0~50
Rt 2 B HE 2 0 A A 3l P v, (ELRAE SEBR
Bob, R RIS RIE T, SFARERE
BRI, B icffke, LEE
Je& 5 2 8] (AR LA P e Pt R

K12 A 7 LRl H RTHROE f AR b
AL, T LA BT R A2t 2
A& P A D AR BT R A, SRE e R
BRAL D BE T B — Mk« R P A i 3 00 DI i
2 ALY IS BRAE S 05 P AN B T A2 2%
By A A — i E, A R IIALA HY B oK T Ak
AW IFAE, AR E L M 2 R B e B A
H BT BT FUIRBUR T, AR AR R — > & PR A
FYE. W S 18] 100 2% T RE IR I S B A L R 1 42

%%

(c)

AR X TE XA L e P o < A
Beih, W e Rk B, SRR R T
PR, pir IR B R I P R R T R
5y T PR PR LU 35 i ) 5 < SR A A 4.

10 WA REE, 26RFK B EY, geRdiE
BEET

Fig. 10. Illusion of a tetrakaidecahedron, red balls
present Boron, an the green ball presents a transition

metal atom.
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Fig. 11. (a) Crystal structure of the P2i/m-type M2B3 (M = Co, Rh, and Ir); crystal structures for
(b) CoBa, (c) RhBg, (d) IrBg, and (e) IrBj 25 (Ir4Bs) at ambient pressure. Green spheres represent B

atoms; blue, purple, and red spheres represent metal atoms 1907,
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12 (a) Pmmn-FeBy IS, FIRHFE N 48.1 GPa, W ta/NKERIR T, # /R ITNR T 39, (b) P6/mmm-VB,
HZERE, BISTEE N 53.4 GPa, B /NRPUR T, 1B /NERINE T 3], (¢) P4s/mme 267-TiBo MIZ5 &, BT
E439.6 GPa, RO/ EEIR T, GENREREME T 82 (d) Amm2-TiBy MK, BRI A 38.2 GPa, A
ANERIREARIE T, G NERICEIIE T (821 () ITmma-TaBs 45K, BLETEE A 41 GPa, KERRUNER S B AAN
BT, ARG KRR AR Wyckoff i, ¥ WL B4, (f) C2/m-NbBs, HISHEEE A 44.3 GPa, £ /NRFEFKEER
F, GE/NERICERIE T B

Fig. 12. (a) Structure of Pmmn-FeBy, the theoretical hardness is 48.1 GPa, the blue balls present iron atoms, and
the pink ones are boron [89]; (b) structure of P6/mmm-VBa, the theoretical hardness is 53.4 GPa, the blue and
orange balls present V and B atoms [93]; (c) structure of P43/mmc-TiBa, the theoretical hardness is 39.6 GPa the
silver and blue balls present Ti and B atoms [82]; (d) structure of Amm2-TiBy, the theoretical hardness is 38.2 GPa,
the silver and blue balls present Ti and B atoms [52]; (e) crystal structure and the nearest coordination number of
tantalum and boron atoms in Imma-TaBg3, the theoretical hardness is 41 GPa. The large and small spheres represent
tantalum and boron atoms,respectively. For boron, different colour spheres represent different Wyckoff sites [84];

(f) crystal structure of C2/m-NbBg, the theoretical hardness is 44.3 GPa, the red and green balls repesents the Ni

and B atoms [81].
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Fig. 13. Calculated densities of states: (a) Pure TagNs,
(b) TagNs with N vacancies; (c¢) TagNs with O substitu-

tion. The Fermi level is at zero [99].
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Fig. 14. Comparations of the results by LDA and GGA as a function of B concentration in Nb-N: (a) Enthalpy convex
hull; (b) bulk modulus; (c) shear modulus; (d) Young’s modulus; (e) Poisson’s ratio; (f) B/G ratio; (g) Vickers’

hardness [96] .
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Fig. 15. PPHDOS and Fpy, of (a) AlBa-type and (b)
ReBa-type MnB2. The brown dashed line represents
the PPHDOS of Mn as a function of w, and the black
line is that of B; the pink dot line, green dash dot
line, blue dash double dot line and red short dash
line are F,, as a function of w at 0 K, 300 K, 600 K
and 900 K, respectively. The percent contribution of
the PPHDOS of B and Mn to Fp are also shown
on the left legend. (c) P-T phase diagram of AlB»-
type and ReBa-type MnBsa. The red solid and orange
dash line represent the calculated phase boundaries
including and excluding Fp, respectively. The differ-
ences of Gibbs free energy (GaB, (P, T)—GReB, (P, T))
between AlBs2-type and ReBa-type MnBs are repre-
sented by shades from white to black (971,
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Table Al. The bulk modulus (B), shear modulus (G), Young’s modulus (E), Poisson’s ratio (v), and Vickers’

hardness of some transition metal borides.

Materials Space group B/GPa G/GPa E/GPa v B/G Hvy /GPa Ref.
NbB3 C2/c GGA 299 231 552 0.193 1.296 38.8 [81]
LDA 329 253 590 0.193 1.296 40.8 [81]

P6s/mmm  GGA 258 211 497 0178  1.2.23 37.8 [81]

LDA 261 215 505 0177  1.216 38.3 [81]

Cc2/m GGA 287 251 581 0.162 1.148 43.9 [81]

LDA 291 255 593 0.161 1.141 44.3 [81]

Pmm2 GGA 291 247 578 0.169 1.181 42.7 [81]

LDA 319 267 626 0.173 1.196 44.2 [81]

Idm?2 GGA 289 219 525 0.197 1.318 36.8 [81]

LDA 318 243 580 0.196 1.310 34.2 [81]

TiB Pnma 214 188 436 0.160 1.14 28.4 [82]
Cmem 214 189 438 0.159 1.13 28.5 [82]

I41/amd 215 186 432 0.165 1.16 28.1 [82]

TiBs P6/mmm 261 255 578 0.132 1.02 385 82]
Imm?2 268 261 591 0.132 1.03 39.4 [82]

P4y /mme 267 262 593 0.130  1.02 39.6 82]

TizBa Immm 232 213 488 0.149 1.09 32.2 [82]
Imm?2 234 211 486 0.154 1.11 31.9 [82]

Pdo/mme 235 214 492 0.152 1.10 32.3 [82]

Ti>B Pmn2; 160 101 249 0.240 1.58 15.3 [82]
TizBs Cmem 240 223 511 0.146 1.08 33.7 [82]
TiBs3 c2/m 257 237 544 0.147  1.08 35.8 82]
TiBy Amm?2 255 253 571 0.127 1.01 38.2 [82]
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Table Al. The bulk modulus (B), shear modulus (G), Young’s modulus (E), Poisson’s ratio (v), and Vickers’

hardness of some transition metal borides.

Materials Space group B/GPa G/GPa E/GPa v B/G Hvy/GPa Ref.
Hf>B I4/mem LDA 182 94 241 0.280 1.94 10.2 [83]
GGA 160 92 232 0.259 1.74 11.7 [83]

HfB F3m LDA 204 119 297 0.257 1.73 14.2 [83]
GGA 180 102 257 0.262 1.76 12.4 [83]

HfB»> P6/mmm LDA 285 251 582 0.160 1.14 40.7 [83]
GGA 260 235 542 0.153 1.11 40.3 [83]

HiB4 P63 /mmec LDA 268 175 431 0.232 1.53 22.0 [83]
HfB12 Fm-3m LDA 255 217 507 0.169 1.18 35.5 [83]
GGA 237 204 476 0.166 1.16 34.7 [83]

TaB3 Imma 301 262 608 0.16 1.149 41 [84]
ReBj P63/mme 321 258 610 018  1.24 37 [85]
P3ml 318 228 552 0.21 1.39 29 [85]

IrBs Amm2 285 157 398 0.27 1.82 16 [85]
P63 /mme 297 143 370 029  2.08 13 [85]

P3ml 302 178 446 0.25 1.70 19 [85]

TiB Fm3m 173.8 72.8 191.6 0.316 2.39 11 [86]
ZrB Fm3m 160.4 78.4 202.2 0.290 2.05 11.8 [86]
TiB Pnma 201.3 190.2 433.9 0.141 1.06 28.7 [86]
ZrB Pnma 200.3 177.7 424.3 0.194 1.30 26.8 [86]
TiB Cmem 205.0 194.4 443.1 0.140 1.05 29.1 [86]
ZrB Cmem 167.4 122.8 296.0 0.205 1.36 18.5 [86]
HIB Cmem 207.7 174.1 408.2 0.172 1.19 26.3 [86]
W2Bs P63/mmec 304.20 224.48 540.49 0.20 1.36 16.11 [87]
WB3 R/3m 282.82 220.56 525.16 0.19 1.28 19.55 [87]
VB3 C2/m 257 212 499 0.18 1.21 33.7 [88]
VB4 Cmem 255 193 462 0.20 1.32 28.4 [88]
VB4 Amm2 264 222 520 0.17 1.19 35.5 [88]
58-FeBy Pnnm 263 194 467 0.20 1.36 34.2 [89]
12-FeBy C2/m 278 180 444 0.23 1.54 29.6 [89]
71-FeBy Immm 235 222 507 0.14 1.06 31.7 [89]
59-FeBy Pmmn 118 149 315 0.06 0.79 48.1 [89]
166-FeB4 R-3m 87 142 276 0.02 0.61 20.6 [89]
RuBy4-FeBy P63/mmc 344 202 507 0.25 1.70 25.3 [89]
V3B, P4/mbm LDA 276 216 514 0.190  1.278  43.0(31.8)%  [93]
PBE 252 200 474 0186  1.260  40.7(30.9)  [93]

VB Cmem LDA 301 255 597 0.170  1.180  35.2(41.7)  [93]
PBE 269 234 544 0.163  1.149  36.9(38.3)  [93]

V5Bg ammm LDA 298 258 601 0.164 1.155 44.0(40.5) [93]
PBE 269 234 544 0163 1150  47.6(38.3)  [93]

VB4 Immm LDA 301 257 600 0.168 1.171 30.1(39.7) [93]
PBE 271 235 547 0.164 1.153  32.0(38.2)  [93]

V3Bs Cmem LDA 303 265 616 0161  1.143  30.8(4L7)  [93]
PBE 273 240 557 0.160 1.137 33.5(39.5) [93]

VB; P6/mmm LDA 307 270 626 0.160  1.137  53.4(42.8)  [93]
PBE 278 242 563 0.163 1.149 50.0(39.5) [93]

L SCRiR [93] SR A SCHR [102) FOSCRR [103] P9 R B AR 20 10 AT 14 5L
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Abstract

Transition metals have special characteristics, such as a large number of valence electrons, multi valence states,
high electron density, etc. Introducing a light element, such as boron, carbon, nitrogen, oxygen, etc. into a transition
metal is an important means for searching the new multifunctional hard materials. With the development of ab intio
calculation, advance in computer and the more in-depth understanding of the nature of hardness, it is possible to design
new multifunctional ultra-hard transitional metal with using the advanced structure searching software, which could now
serve as the experimental syntheses of these materials. In the present article, we introduce the design of ultra hard multi
functional transition metal materials. We first introduce some basic ideas of hardness and material design, then conduct
some studies, afterwards we discuss some difficulties in this kind of research. Hopefully these results in the present study

could be helpful for designing and synthesizing the ultra-hard multifunctional materials.
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