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Fig. 1. (a) The crystal structure of pure TaC; and the crys-
tal structure Ta, Hf C or Ta, ,Zr,C with doping content z
of (b) 0.25, (¢) 0.5, (d) 0.75, (e) 1.
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Fig. 2. (a) The formation energy (E,,,) and impurity formation energy (E,,), and

Ta, ,Zr,C solid solutions as a function of Hf or Zr content z.
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Fig. 3. Comparison of the (a) lattice constants and (b) volumes of the Ta; Hf,C and Ta; ,Zr,C solid solutions as a function of the
Hf/Zr content by the supercell (SC) and virtual crystal approximation (VCA) methods.
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Fig. 5. The mechanical properties of Ta; Hf,C and Ta; ,Zr,C solid solutions as a function of the Hf/Zr content: (a) B/G ratio;
(b) Poisson’s ratio; (c¢) Young’s modulus; (d) bulk modulus; (e) shear modulus; (f) Vickers hardness; (g) fracture toughness;

(h) critical energy release rate.

117102-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y 32 2 3R Acta Phys. Sin. Vol. 70, No. 11 (2021)

117102

o [F) (99:62.63] Ay ARt 3 2 S Wb R} 1) 0 e B
M 5(c) HalLIE S, Ta, Hf,C Fl Ta, Zr,C
PRI B A —NE(E (KM, B Tag gHf) ,C
HARKMPUELEME. & 5(d) £, MiE Hf/Zr &
I AN, AR AR /N, B DI AT LU b )
BT ARTERH 11, 8] 5(e) B Tag (Hf) ,C BA
I R By UIA PR B A B 1 BY D) AR JE B
1. & 5(f) W T Ta, HE,C Fl Ta, Zr,C &7k
(4 [ IR B 5 HE/Ze & YOG R . IR, i i B
T Ak {5 0 R A 3R 45 SR A —
g aed gy A BEE HE & BN, Ta, HfC
[P VA5 AR P A4 e 52 300 L D W R0 2 TR AR, ks
55U 1 S I B AR A B AR — B 151965 R ]
Hbu, Tag gHE, oC FLA B w2 FCRE B

Wr R EPE (Kio) - T RSB MR RS0y e iy
HEHLRE T, 68 = i B R B i 7 E A
FH L& 5(g) s T 3RATHHR Y S 2 — Tk (e
%) W L) M PR (B, 355 AT A S g A A —
F 646567 B KB, Tag sHE, ,C HA AR Wr
IVE. BEAh, AR BE 1 HE/ Ze 2250 K 54 0 B EE 1Y
WL, T ok i 48 2 R B U o AR AT BT 54 )
PE. SWREIPERAL, G SR R (Ge) H
TAVEAEM BB ML e L 2. AT 5(h)
ATLAE Y, B G A B B CRTE © = 0.2 b2
AN, X 5 W B A AR .

T S M R 0 i PR AR T MR R bR AR
Leyland Fl Matthews 42t ibRfE O 3R A 738 8
THE SRR AF Hy/ E RSB TEAS B ) HY ) E?
JetfiiE Ta, HE,C H Ta, Zr,C & By EEdE. 4
K6 s, AT A 8 — ook iy Hy/E

0.072

(a) —O— Ta;_,Hf,C —@ Ref.[15]
—O— Ta;_,Zr,C —@— Ref.[64]

0.064

0.056

Hy/E

0.048 |

0.040

0.032 L . . . . .
0 0.2 0.4 0.6 0.8 1.0

Content =

B 6 Ta, Hf,CH Ta, Zr,C FEE AW PR HE 58 Zr & &2 o AL

I HG /B> 55 ] 00 52 56 R0 AR — S 1ood, i
b, B HE/Zr SR, Hy/EM H /E* AR
S SRR, R, 7E BRI HE/Ze $2
[ERRGL e

3.3 HFEEZE

i T 53 BT HE F Ze 82 TaC B 451 Fa 8 1k,
TATHE T NN EBRTFSEE (DOS), 4558 m
7 fis. R, SR BRI AL B 9K BB
AbH P2 B RO B N(EBp) TR E B TR S5 HFa
PE, X T & EIRRIN T, TORBERAE T A%
%L N(Ep) BAIK, 75 F 7R R G RE LA BT FEAIR,
DRI A ) 235 Mg bl R s (09-71. IR 7(a) TT LA M,
Tayg 75Hf 2sC 7EFE K AEYL (Bp) B9 & DOS {EAL T
afi TaC, W] TagsHf,05C HL4li TaC 45 H S
SE . HR Tag75HE) 95C, TagsHfy5C, Tag g5Hf 75C
FHIC A B A% EE, AT LOWEL R, B HE ¥
FERYETIN, Ta, HE,C EHEARM FORBEHRAL Y B3
WA/, XKW Ta, Hf,C B RIS T E
PEBE HE B2 i34 g, SRl gl 7(b) B
N, TEGORBEHAL Tag 7521 55C #) DOS {HAK T4
TaC B9 DOS 1, X EWKH Tag 7521).9;C L5
EMEH TaC & B 7(b) BN THEE Zr 81
Hahn, Ta, Zr,C AR DOS [HZ WAL, X3
B Ta, ,Zr,C BRI SRR MRl Zr R B2 A 3%
hnmsEhn. K, Ta, JHE,C 1 Ta, ,Zr,C B ETE
ARG HE/Zr S B INTRG N, X 5 R e R 45
B—5 SN, Ta, Hf,CHI Ta, Zr,C FEEME 2
% B 5T R S I (i — S 72,

0.160

(b)y —O— Ta;_,Hf,C —— Ref.[15]
—O— Ta;_,Zr,C —@— Ref.[64]

0.128 |
. 0.096
S
~~
£ - ]
0.064 | / \./ ~m u
[
°
0.032 -./
ol , , , , ,
0 0.2 0.4 0.6 0.8 1.0
Content

(a) Hy/E; (b) Hy /B

Fig. 6. The wear resistance of Ta, Hf,C and Ta,; ,Zr,C solid solutions as a function of Hf or Zr content: (a) Hy/E; (b) HY /E.
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Abstract

With the rapid development of the aerospace field, the harsh environment requires ultra-high temperature
ceramic materials with better mechanical properties and ultra-high melting points. At present, the ultra-high
temperature ceramic materials of single metal carbides are required more and more urgently. In order to solve
the problem about the insufficient performance of transition metal single carbides, we systematically study the
various physical properties of Ta; Hf C and Ta; ,Zr,C solid solutions in an entire content range (0 < z < 1)
based on density functional theory, including the formation energy, impurity formation energy, mixing energy,
lattice parameters, elastic constants, elastic modulus, Vickers hardness, fracture toughness, wear resistance,
melting point and electronic density of states. The results of formation energy show that with the increase of Hf
and Zr doping concentration, the structural stability of Ta, HfC and Ta,_ ,Zr,C solid solutions gradually
increase. And the structure of Ta, ,Zr,C solid solution is more stable than that of Ta; ,Hf,C solid solution when
the doping content of Hf and Zr are the same. The results of mixing energy indicate that the formation of
binary metal carbides from single metal carbides is an exothermic process. Furthermore, we also find that with
the increase of Hf and Zr doping content, the lattice constant and volume of Ta; Hf,C and Ta,_,Zr,C solid
solutions can expand, which is mainly attributed to the atomic radii of Hf and Zr being larger than the radius of
Ta. The results of mechanical properties show that the Ta, HfC and Ta; ,Zr,C solid solution are brittle
materials in the entire Hf/Zr content range and have mechanical stability. The bulk modulus of Ta; Hf,C and
Ta,;_,Zr,C solid solutions decrease with the increase of Hf and Zr content, while the melting point, Young's
modulus, shear modulus, Vickers hardness and fracture toughness of Ta, Hf ,C and Ta;_,Zr,C solid solutions
have peaks with the doping content x = 0.2. Moreover, the addition of Hf/Zr can enhance the wear resistance of
TaC. The results of the electronic density of states show that as the doping content increases, the density of
states at the Fermi level of Ta, Hf C and Ta, ,Zr,C solid solutions decrease, which also indicates that the solid

solution structure becomes more and more stable.
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