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Fig. 1. (a) Enthalpy convex-hull of ternary Hf-HfC-HIN system at ambient pressure. The black sphere indicates stable structure,

and others are metastable structure. (b) The simulated X-ray diffractions of Hf-C-N vacancy ordered structures with a copper Ka

X-ray source.
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Table 1.  Space group, lattice constants, the enthalpy of reaction AH (eV/atom), coordination number (CN) of Hf and the

concentration of vacancy (CV) of Hf-C-N vacancy ordered structures.

Compound Space group Lattice constants/A AH/(eV-atom!) CN cv
Hf;C,N C2/m a=5.679, b=19.799, ¢ =5.671, 3 = 70.6° -0.0899 5 1/6
HE,C,N 2 a=5658, b=9.763, c = 9.262, § = 144.8° 0.0980 4 1/3
Hf;C3N, c2m a = 5.660, b = 9.783, ¢ = 5.619, 5 = 109.6° —-0.1038 5 1/6
Hf;,CN C2 a=5.632, b =9.705, ¢ = 5.625, § = 109.8° -0.1107 4 1/3
Hf;C,N; C2 a=5.624, b = 9.725, ¢ = 5.602, § = 109.6° —-0.1047 5 1/6
HE,CN, Cmmm a=6.427, b= 9.147, ¢ = 3.235 0.1082 4/5 1/4
Hf;CNy C2/m a=5.592, b =9.658, ¢ = 6.455, § = 125.3° —0.0894 4 1/3
Hf;CN, C2/m a = 5.580, b = 9.681, ¢ = 5.587, = 70.3° -0.0815 5 1/6

(a) §

1"

(e)

00000C

o 0 06 0 0 0O

9 C

B 2 HEC-NZSAAFLEMTEE— @i EREfiaf  (a) HECN-C2 /m (0 0 1); (b) HfsC3N-C2 (1 0 0); (c) HfgCsNo-C2 /m
(1 00); (d) HECN-C2 (1 0 0); (e) HfgCoN3-C2 (1 0 0); (f) HE,CNy-Cmmm, (0 0 1); (g) HigCN3-C2 /m (1 0 0); (h) Hf;CN,-C2 /m

(001)

Fig. 2. Vacancies on the crystallographic plane: (a) Hf;C,N-C2 /m (0 0 1); (b) HfzC3N-C2 (1 0 0); (¢) Hf;C3N,-C2 /m (1 0 0);
(d) HECN-C2 (10 0); (e) HE;CoNy-C2 (10 0); (£) HE,CNy-Crumam (0 0 1); (g) HECNy- C2 /m (1 0 0); (h) HECN,-C2 /m (0 0 1).
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HERHH VASP #FPU 3 T HEEC-N =5 i
H LSRR e H R, N 2 BT 3k e 2t F i
P EHR i 2 Born F 4 631 RIHR R 7 A0 8 1.
FRARPE T A s 5 4k, 35T Voigt-Reuss-Hill i
ol B4 AR B, 3P G, A B
THFA 25 5% ] Chen-Niu £ #1 57, 344 HEC-N
BAAGJF AR N AEIGIERE Hy, THRART:

0.585

3.2

Hy =2(k*G)
Hr Pugh Pk = G/B.

3 (2)

Hf-C-N 200 A P50 124 scan e 3 il
A LAE B3 Lo 25 AR EAG AR v AR B | B A
L SRR A G RE R SE. O T XS LG, HEC, N,
B S e 4 3 Hhg ) R Be 25 1) )2
PR L 276 SCHk [19]) HdiiE T

&l 4 3k =T HE-HC-HIN {4 2 (1% 77 2 M -4
AR, P FE = oA A T 451, HEC, HE-
N & R HIC, N, 55 1y T 192536 A& 4 7] L)
FBE|: MR C/N T, A 23 A0 BE IR, (A
L BTN | PRI R SN W 5 A 6
IR, ZSALH R R ) HEC-N L4 W A S0 i 1
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#* 2 HEC-N =i FEMRTIER 4 C; (4% GPa)

Table 2. Calculated elastic constants Cj; (in GPa) of Hf-C-N vacancy ordered structures.

Compounds Cyy Coo Css Cy Css Ces Cis Cis Cog
Hf,C,N-C2 /m 414.3 406.6 415.6 158.0 170.6 148.7 94.1 116.1 104.5

Hf;C3N-C2 358.5 362.8 352.2 100.0 114.3 132.3 87.5 98.3 91.6
Hf;,CsNy-C2 /m 414.6 417.4 407.6 152.2 157.6 147.8 111.9 115.0 116.3

Hf;CN-C2 354.5 363.5 348.7 90.6 103.6 128.7 102.1 109.5 101.3

H{f,CyN;- C2 409.7 418.7 418.1 149.6 160.2 148.9 123.4 122.9 126.5
Hf,CNy- Cmmm 373.4 368.8 406.8 142.2 133.1 135.8 146.4 112.0 124.4
Hf;,CN;-C2 /m 361.1 358.4 351.7 84.9 99.8 124.9 108.1 121.7 114.2
HfCN,-C2 /m 401.2 414.1 403.5 146.5 157.2 139.8 134.0 139.9 147.8

#£ 3 HEC-NZ A P45/ M HEC, N B 25— ki (B). 8P R (G). sidERE () A (u).

Pugh I (G/B). 4 FRBE (Hy) %
Table 3.

Mechanical properties—bulk modulus (B), shear modulus (G), elastic modulus (E), Poisson’s ratio (u), Pugh’s ra-

tio (G/B), Vickers hardness (Hy) of Hf-C-N vacancy ordered structures and HfC; ,N['%.

Compound B /GPa G /GPa E /GPa u G/B Hy /GPa
Hf;C,N 229.0 140.8 350.6 0.2449 0.6148 17.5
Hf;C, NI 260.6 201.3 480.3 0.1928 0.7727 29.9
Hf;C3N 180.9 121.5 297.9 0.2256 0.6717 17.8
Hf,C3NI) 262.2 202.1 482.4 0.1934 0.7707 29.9
Hif;C3N, 214.0 151.1 366.9 0.2143 0.7059 22.1
HE,CN 188.0 113.4 283.3 0.2489 0.6031 14.6
HE,CNDY) 268.1 198.5 477.6 0.2031 0.7403 28.1
Hf;C,N, 221.3 149.7 366.6 0.2239 0.6766 20.7
Hf,CN, 212.7 132.8 329.7 0.2417 0.6242 17.1
HE,CN, 1 272.8 185.1 452.8 0.2233 0.6786 23.9
Hf;CN, 195.4 108.9 275.6 0.2650 0.5574 12.7
Hf,CN, 276.2 179.6 442.8 0.2328 0.6504 22.2
Hf;CN, 207.2 156.1 374.4 0.1989 0.7535 24.6
Hf;CN,[19) 279.0 171.5 427.0 0.2449 0.6147 20.0

VR S R AR DRSS , ARSI I RE T80,
W HEC-N fb & P i s /. R0, HECN, (%5
SIHREE 1/6) W4k [CHE #EFT Pugh HRKT HECN,
(Tezs ) B4 FCRE B A Pugh Le, FEB0H 23 (7 A Ak,
PG, i HABLL S T, C/N AR, 2 PR R A
Pugh [ 55 Bl 25 (60 1 B2 (9 35 KM si /. anl&l 4(f) B
7R, AR LU A RS Pugh PURYIESFAHI.

3.3 HEfC-NZUBFEHBEFHER

J T 538 HE-C-N Z5 (A3 745 K4 10 i R 1
25 5 ok LT SR A S I, P LA B | A A R
i A P13 P B A3 A E AT T ISR Bl 5(a)—(h)
i HE-C-N 75 A JF 25 16 1) 25 %5 B R0 o3 25 % B
K, fEfE -8 22 eV, HEd B S5 C-p Fl N-p

A Z fFfE R R ER S, MR A2 b,
Hf—C Fl Hf N #AF7E A A0 4. X )& HEC-N
ZSAT P A AR AT R = (B i R B S A ()
B, 7€ Fermi [ FAFAE A T, IR HEA 4 Ja .
XS R AR N oo U A R ik AU A )
Je HEC, N RARTR]. Xt ke HE,CN (AN E2shi, i
SR B PR O 7R SR [19) HiRE) F1 HECN
(R ] 1/3) BRASERE, s A%
FIFEIR AN 5(1) Fias: Al LAE 296540 i 1 19 RE
G HEAG FLA AR | SR HE,CN 4% BE AL X R 144
HL RS SN T HECN 195 X2 T2 A7 1E,
Hf;CN (A S TR IE (VEC 24 7) /NT HE,CN
B (VEC 4 8.5). TMizs frxf Hifth HE-C-N z3 fi ¢
SRR B AR AR LS ).
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Fig. 4. Mechanical properties-composition diagrams of ternary Hf-HfC-HIN system: (a) Bulk modulus (B); (b) shear modulus (G);
(c) elastic modulus (E); (d) Vickers hardness (Hy); (e) Pugh’s ratio (G/B); (f) Poisson’s ratio (u).
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Fig. 5. Density of state (DOS) and partial density of state (PDOS) normalized by per HfC,N, of (a) Hf;C,N-C2 /m, (b) Hf;C;N-C2,
(c) HigC3N,-C2 /m, (d) HE3CN-C2, (e) HECyNs-C2, (f) HE,CN,y-Cmmm, (g) HEGCN3-C2 /m and (h) Hf;CN,-C2 /m; (i) the total
DOS of Hf;CN and Hf,CN normalized by per HfC,N,. The Fermi level is at 0 eV.
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Fig. 6. Crystal orbital Hamilton populations

OHP) of Hf-C-N compounds. The Fermi level is at 0 eV.
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%4 HEC-N LEY 0 R IAEE G 210310 (/3 (-ICOHP)
Table 4. Integrated crystal orbital Hamilton populations (-ICOHP) of Hf-C-N compounds.
g ¥ (
-ICOHP -ICOHP
Compound Compound
Hf—-C Hf-N Hf—Hf Hf-C Hf-N Hf—Hf
Hf;C,N 3.373 3.567 0.529 Hf;C3N, 3.181 2.990 0.571
Hf;C,N 3.373 3.033 0.459 Hf,CN, 3.474 3.111 0.650
Hf;C3N 3.350 3.067 0.718 Hf;CN, 3.551 3.091 0.541
Hf,CsN 3.319 3.029 0.454 Hf;CNy 3.408 3.211 0.570
Hf;,C3N, 3.607 3.103 0.530 Hf,CN,4 3.321 3.159 0.520
Hf;CN 3.277 3.211 0.737 Hf;CNy 3.675 3.179 0.591
Hf,CN 3.483 2.802 0.490 Hf;CN, 3.319 3.017 0.500
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Abstract

The thermal-mechanical properties of transition metal carbonitrides can be affected by the concentration
and ordering of vacancies besides the C/N atomic ratio. However, there are few reports on the vacancy ordered
structure of ternary transition metal carbonitrides. In the present paper, the first-principles method is used to
study the vacancy ordered structures, mechanical properties, electronic properties and the effect of vacancies on
the ternary Hf-C-N system. Firstly, the crystal structures of Hf-C-N system is examined by the first-principles
and evolutionary algorithms implemented in USPEX under ambient pressure, and eight thermodynamical stable
vacancy ordered structures are found, each of which has a rock-salt structure, and is also dynamical and
mechanical stable, which are verified by the calculations of their phonon dispersion curves and elastic constants.
The vacancies are occupied at the [Hfg] octahedral interstices, which replace the positions of non-metal atoms.
Their crystallographic data such as space group, lattice constants are also predicted. To the best of our
knowledge, there is no report on the Hf-C-N vacancy ordered structures and these structures investigated here
in this work are all found for the first time. Then their mechanical properties are calculated. The Hf-C-N
vacancy ordered structures all have very high bulk, shear and elastic modulus and hardness. It is found that
except for C:N = 1:4, for the Hf-C-N system with the same C/N ratio the moduli, Vickers hardness values, and
Pugh’s ratios decrease with the increase of the concentration of vacancy. However, the Vickers hardness of
Hf;CN, (the concentration of vacancy is equal to 1/6) is higher than that of HfsCN, (no vacancy), that is so-
called vacancy hardening. Finally, the electronic density of states and the crystal orbital Hamilton populations
are calculated. The chemical bonding of Hf-C-N vacancy ordered structure is analyzed, which is a mixture of
covalence and metallic and is similar to that of binary transition metal carbides and nitrides. With the increase
of the concentration of vacancy, the total bond strength decreases, and then the modulus decreases for Hf-C-N

compound.

Keywords: Hf-C-N vacancy ordered structure, vacancy, Vickers hardness, a first-principles method
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