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Abstract

Previous studies have shown that AlFeTiCrZnCu high entropy alloys (HEA) are simple cubic crystal
structure. In order to study the influence of element content, this paper adopts the method of
first-principles density functional theory ab initio calculation based on plane wave pseudopoten-
tial with generalized gradient approximation (GGA). The long-range solid solution structure mod-
el of the HEA was established on the single atom of the square structure unit cell by the virtual
crystal approximation(VCA), and the density, lattice constant, elastic modulus and formation of
the high-entropy alloy AlFeTiCrZnCuy with different Cu element contents were calculated. The
calculated results indicate that the lattice parameter of HEA AlFeTiCrZnCux decreases with the in-
creasing mole fraction of Cu, and the mass density increases. The mechanical stability and brittle-
ness of HEA AlFeTiCrZnCux were regardless of the content of Cu. The total energy and the heat of
formation decrease with the increasing mole fraction of Cu, but the system stability and thermo-
dynamic stability increase.
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1. 5|8

feg GRS kKE—ERRT M e BT R AR BN, 2 E0aiaeig 20
42 90 FFARZE A I B H I — R AT A ot ELE[1] [2] (3] [4] [5]. #tH BT CATH RS, &
W64 mT DL SO S ) 13 Fh e @ o RIS E 7 s 4 5 7 I (FHn e BRI E 5 & & —A
AL 35%) G &b e, TRA T A SR A I A A T T R A [ T AR S R B 426 [7] [8]. M e 4
BAER G SR HZMEETRAR, BRI T 2 Moo IR G 17 AR SR RS 5 30 S iy
o, 2R &R IR 70 BARHEZIVREL, (U2 200 A2 W B 25 S AR [3]-[8]. X P s (o AN (H 2
B EE AL, T H AT DA SE R SR AR R T kA B E R AR S AR [2] [3] [4] [5] [6]. BR T MM, BT
FRARIE R4 T E A e B B 15 R HORURE R ) A WA A AR A XS R 7 RRE6] [7] (8]
IEFNIE PR I SE s, S A A RV 20 RAEME, s it SompE . &E. &
M #PE[S] [6] [7] [8]5%, BRIUMAHI T4 46 4 BA BORBIPLRAE S 90 Ak e 23 0] H B e i 6 4 BB 72
KRG AR 4 778 O S M B 2 W PR RE L, 2004 SE I35 BF B BA R F B 2 IS vk ik bilig 7
AlCoCrCuFeNi A 4:[8], ARJGX H A IEREBEATHTFT[9] [10] [11] [12]. 2008 SEENFERIZES @M A —Fh 712,
BIHLIE A AT T AlFeTiCrZnCu &4:[13], FHlid SRibmt 7t 1 H 2= MR A 45 PERE14]. BVER}SK
IR FEEE AR, AlFeTiCrZnCu Sl &4 R A2 RSO SL T ddd, BT e A /NP4 J8 o R 2 1Al
BRMEMERNE B A, SRR, W HIE AR IAEE. 2014 FERPEFBRZ BRI T —
FliH FeMnCoCr 4Bl & 42[15], XFPEESTEAFLR K2 5 RN BA T4 m i 5R A KB e et . 1X
— RINTE R AR AR — AN S U IR, R E E RAERURRZE . B FA T A A X P
FEAT ANLE T B T X MR B 2R EHE 5, IR AR 2 R007 ERay SpLs], k&4
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ERet

REME RS 2 bt o FEAHARZ T, A& WNESEhra s T HiF A A F ARSI SE G 4. mERR
ZJG, mEEGE R TN, HRIHAE T FE ST RS mREN S .

H AT O 7K E &l SER B A s i & 4, TAERROR, 1 H il #2 i ik v] REA7AE — SR 52
PE N T B G RO S R A A T B R AL, A5 SR B TS B 45 TR MR m i A A I SRR
BT 2 B2 R BRI — MR BRI R BT 1 — M A2 IR R, T E RIS A
BARTS4, RS R Y S 515 2R R B BT, i B T2 B AT DUMROW 2 T K 1 i
BEMEIMERE, FEFHTL TR BRI AT 2N AT — R Ca-X R[16]
Al-Ni &[17]+ Al-Ru R[18]& &AL AV CaTiOs FIHREAE K 3525[19] [20]« Mn #5544 GaN(11-00) 1) #EMERE[21]
JJRFHFEEM[22)5 . Cu JTLERAR RO RGN, %2 8.96 glem®, &) A 4 AlFeTiCrZnCu
ANMITTETEE RN, AT ERS4E AIFeTiCrZnCu 55— PRI I AR SR, o m i e
4 AlFeTiCrZnCu fEAN[A] Cu JG 3R & B (1) SR 2540 Je e, A BB REE—20 T ## Cu s Em & B X H A5

2. iEEE

ARSI SR — P SR % B2 R B THELE R FH 52 [ Accelrys A F] ! i Materials Studio -+ ) CASTEP
(Cambridge Sequential Total Energy Package)f5tk[23], T &HETFIHIMEA LY, mlE KRB A
ZERIETY R R AU, iR I ALA(Virtual Crystal Approximation, VCA) [24] [25] [26]1H 7V ERES . BN EERL SR KT
AEER S 4 AlFeTiCrZnCu A2 & #1440 37 77 (Body-centered Cubic, BCC)fnfkR&hii[13], AT T
), fEEEGE AR Re S AR P “RRIE T [25] [27], T KAEREB IS AR AYAE T B A th S R
ZE[26], N T IRAIXELE N, ASCAEFRA BCC da AR 7 B VCA K773, il 1 Fos, X7k
i B Tk e R M KRR A T R AT S R SR 2 L TR TR K SR 22 R AR R A

Table 1. Mole fraction and mass fraction of Cu, and mass faction of other elements

F1LCuRENERSE. BHSE. HRERTRENESSE

Cu LR /R HE Cu LR & P NER
0 0 20
0.5 9 182
1 16.67 16.67
1.5 23 15.4
2 28.5 143
3 375 12.5

%1 HFH T A A 4 AIFeTiCrZnCu 7 Cu JG K [ BE/R & A RN AR R E 3 S 2 U A H eS8
TCRAHMIE 73 & & 14 1 2L BCC RS F i =i & 4 AlFeTiCrZnCu H Cu JTERBE/R 7408 0.5 I 1)
AlFeTiCrZnCuys =i & @80, B Cu JTERIE/RSERN 0.5, A ETEN 9%, HEEBTRNE S
EEN 18.2%, I BCC &N E T# & H 9%HH Cu TR LN 18 2% EE/B TR .

THE R R BT SRS Tl (General Gradient Approximation, GGA) [28] F )i 17 5 #£ PBE
(Perdew-Burke-Ernzerhof)iZ B[ 292K ¥ B LT 5 B 7 2 A28 ¥ — AH G B AL, LT — B TR0 AH ELAE FH IR ¢
B — P i B ep A ST T 34 (Norm-conserving Pseudopotential, NCP) [301>R AN, & A~V 1 % eR £k b7
ENFEEFEN 770 eV, (B2 P & AURRS T BE A BN B 0.4 A7, B/ IME BRI Pulay YA,
B 10 x 10 x 10 [FI5] 53 4% o
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EER

43

EFE UL BT SRR SRS T S AER . R CLESH0THE BCC MRS Fe LR s
BN 2.84 A, TEE N 2.86 A[31], RZEN0.79%, Vi LRI HSEERR A,

° °
S E— [ S —
Single 100% Fe 9% Cu and 18.2% other
in each atom elements in each atom

Figure 1. The model of crystal structure of HEA Al-
FeTiCrZnCuy s was built by VCA

B 1. VCA FiEE M SHAE AlFeTiCrZnCu, s B &R
ekl

3. ER5118
3.1. Gt

KR ESHEE, ik T R &4 AlFeTiCrZnCu, fEANE Cu TG R & &I ISR g5 /), 01k )E =
B R A% E A 2 i A, 18 2 FOR T @54 AIFeTiCrZnCu @& W 4. %ES Cu tHm &
BZIERIKR. HE 2, H2 aTLVEH, @44 AlFeTiCrZnCu, I ERIE Cu U HR & &1 KmiE K,
T i 2B Cu JToa & B KRN . XA Re2 BN Cu U & 2 il & 4 AlFeTiCrZnCu, JiTA HI4H
&R n R P E LR RN, 1H Cu iR A G &MWL R . 76 Cu ERERGEN 28, BG4
AlFeTiCrZnCu, 1] &2 ¥ H B IME 2 F ER E K.

Table 2. Lattice parameters and mass densities of HEA AlFeTiCrZnCu, (x =0, 0.5, 1, 1.5, 2, 3)
2. BIRE € AlFeTiCrZnCu, MBI ERMZEE(x=0,05,1,1.5,2,3)

Cu JLHRER G & A A P gfem’
0 2.84 7.15
0.5 2.82 7.52
1 2.81 7.77
1.5 2.803 7.96
2 2.799 8.11
3 2.80 8.29

3.2. MR

I JE =6 46 AIFeTiCrZnCuy iR S5 /AT THEL, 132550 & 4 AlFeTiCrZnCu, 7E Cu JTER &
EANFI FOHE RS Gy MR K. MBI E. JARALL vo Cu JGREE/R G EAHR AlFeTiCrZnCu,
HEMBEE R C AT 3, OO AR AR ZE S0 SRS MR RS I T R 13], 7 d Rk
WHAH Civ Cnp J Cy =4 PR ECMARRITM RIS EE S, Eve T H e, J1%#ke
PERIRTESNIERTT, MEMRIMARE IR AR IR T, ARIEL T R &R 5 Fa e YA 48 32]
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Figure 2. Relationship to the lattice parameters and mass densities among the
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HEA AlFeTiCrZnCu, with different Cu content
E 2. & & AlFeTiCrZnCu, BB ERREES Cu TR ENXH

¢,>0,C,>0,C,+2C,>0,C,,-C, >0

A& AlFeTiCrZnCu, RAEAEH Cu JTURIN A FF G LT b R M2 REMEFIYE, W] Cu R

SRR & R

#t

Table 3. Elastic constants (Cj) of the HEA AlFeTiCrZnCu, (x =0, 0.5, 1, 1.5, 2, 3) (GPa)
7 3. BSA € AlFeTiCrZnCu, B M EH(C) (x=0,0.5, 1, 1.5, 2, 3) (GPa)

84

82

8.0

7.8

7.6

74

72

Mass Density/gecm’

@)

Cu TLRE/RGE
0
0.5
1
1.5
2

3

Cn
491.5
378.4
158.5

—19.28
—41.03

10.28

Clz
401.9
462.1
557.1
630.8
621.5

551.5

Cua
268.1
257.3
174.8
201.3
226.9

276.3

Table 4. Young’s modulus (£, GPa), bulk modulus (K, GPa), and Poisson’s ratios (v) of HEA AlFeTiCrZnCu, (x =0, 0.5, 1,

%5 11.27?;‘)&%%@ AlFeTiCrZnCu, FIHIRIRE E (GPa). TS K (GPa). JAFAEL v(x=0,05,1,1.5,2,3)
Cu TR EER G & E K v
0 129.8 4318 0.45
0.5 -129.7 4342 0.55
1 ~708.8 4242 0.78
1.5 -1320.8 414.1 1.03
2 -1372.1 400.7 1.07
3 -1072.5 371.1 0.98
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Figure 3. Relationships of Young’s modulus £ and bulk modulus X to the
mole fraction of Cu for the HEA AlFeTiCrZnCu,

El 3. SA € AlIFeTICrZnCu, WHIRIRE £, FFGEMRE KB Cu &
ENTL

Table 5. Bulk modulus K of the HEA AlFeTiCrZnCu, by VRH approximation (GPa) (x =0, 0.5, 1, 1.5, 2, 3)
# 5. X VRH BT ENSHEE S AlFeTiCrZnCu, FIAFREMIEE K (GPa) (x=0,0.5,1, 1.5,2, 3)

Cu JLHRER T & Ky Kr Ky
0 431.8 431.8 431.8
0.5 434.2 434.2 434.2
1 424.2 424.2 424.2
1.5 414.1 414.1 414.1
2 400.7 400.7 400.7
3 371.1 371.1 371.1

Table 6. Shear modulus G of the HEA AlFeTiCrZnCu, by VRH approximation (GPa) (x =0, 0.5, 1, 1.5, 2, 3)
# 6. X VRH BT ENSHEE S AlFeTiCrZnCu, BEIHIHEE G (GPa) (x=0,0.5,1,1.5,2, 3)

Cu TTH R & Gy Gr Gy
0 178.7 89.5 134.1
0.5 137.6 —138.4 -0.364
1 25.2 701.7 363.4
1.5 -9.267 571.2 280.9
2 3.67 696.4 350.1
3 57.5 1442.5 750.1

4 4 RS G AlFeTiCrZnCu, /£ Cu SR ZBEAFIN I KR E. AREVERE K. At v
M SEE R . MIREE E (Young’s modulus) 2 A A (MR, B <o A4 R 551k BIR J5E P R B0 M Bt
PR, AN R R R IR ) S 2N AR R E AR . B R AR R AR A SR AR TR K 5
FERE, AW IRELE E B8R, @)@ RHEN R ™ A5 AR TR BT 7 (S0, <@ AR I EE At K,
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HIFE— s NAVERITR , P AR SR A TR AIUBR s o o 4 Tha] AR H s 5 < AlFeTiCrZnCuy HI# IR & E
RAEBA Cu JCERI NIEME, W] Cu JuiR & & AN & PRS2 T . ARRRSR IR K 2 3k (A2 3
HRIE I SABNAR A, 2 e m A RHRTUWT R RE s iR . &% 4 & 3 WA HEEE Cu
TER G EIE IR & & AIFeTiCrZnCu, AR R K Vb, It Cu e & BN i & &
FRATTH R RE

Table 7. Calculated Poisson’s ratios (v), ratios of shear modulus (G) to bulk modulus (K) for the HEA AlFeTiCrZnCu, (x =

0,0.5,1,1.5,2,3)
% 7. &fA & AlFeTiCrZnCu, BI;AMEL v, BIYIRE G 5T MIRE K BILEE(x =0,05,1,1.5,2,3)

Cu JCHRER T & v G/K
0 0.45 0.31
0.5 0.55 —0.00084
1 0.78 0.857
1.5 1.03 0.678
2 1.07 0.874
3 0.98 2.02

N T T RS A4 AlFeTiCrZnCu, 7 Cu JG3R & EAFIN 712568, KA Voigt-Reuss-Hill
(VRHYIE A3 A R TR MR B Ky Kp Ky BV Gy Gpe Gu&SRER 5, £ 6 . H# 5
rriH LSS A 1SR VRH E AT S =85 & 48 ALFeTiCrZnCuy A [F Cu 7o & B IATR SR A& K IF 1]
RZEG, HREE 6 HEIUIBE G i H S RMERK, 76 Cu LRE/REEN 0.5 K& 1.5 METYIEE G 1
R R BB T U

BEAMARA L v. BTDIRE G SRR MR K (R e T &R R NG/ B . R
BYARA LE N 0.33 2 i G @ kL, AR MM R 34]; DLBS YRR G S54SR K I HE
FFIEMARERS, LL0.57 A Ftai, ANT 0.57 RS KT 0.57 WONHEPERRI35]

m# G4 AlFeTiCrZnCu, £ Cu JCE S B AR BV LE ve BYUIRE 5 AR St A & 1 LU 7E
7. ATCAE W, FIWTE AR A CAERALE v R E R AR, S A4 AlFeTiCrZnCu, it
EAEH Cu iR HANEMEL, 5 Cu BERSETR: LABY IS 5 AR FR s A5 5 (0 LB VR 0 e Ak 4
B, milfA 4 AlFeTiCrZnCu, R A AE Cu LRI A LLEEZYMEMEL, Cu o & &3 el 1 H e/
PItE . RIS E AR I M R IR A A, & SN . R BN L v 2 E R AR
B A) SZ R I A ) D AR ) TR AR B L AR, A R ADRE I b S R AR T, (R B D)
SR BR 2 Y IR 77 5 D REAR B LUARL, S O\ ] AR T [ s o 5, 2 4 S DRI D) AR ) e
3.3. R

Ak @ 5 & 4 AlFeTiCrZnCu, R %G E&ME B R RN BAESE MG, /53T a6 8
AlFeTiCrZnCu, KT S AR G5 M U R SE RS e . AR AR G i R R

E.. =Epu _(erleEele )/ (zxele) (@)

ARQF, Epn WEBI, B WIESBBER, x4 R SBICR PR RE &, E, 2 P75 ks
R BB S e . s & 4 AIFeTiCrZnCuy 7 Cu JT 3 & B A RN (L 25 A e B AN A A ) 1 B 45
R T 8, HESLRREMARAME Cu iR S ZNBHWIE 4 Fis.
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S JRM BT ) S Ra e M R R TR BEAS B A ROL B R SR AR S G A B R R L,
XPRE AR E B AEE G, 1A RN B L R e T A B AR A ST B — M R I iR EL 2
— MM ERIINE, ZINENRE RN A LR S, BOINRETR . BREA RN, Ao
SR A 4 AlFeTiCrZnCu, [ 5 FeE M 1035 A 01 B B Re it R A A 6. & 8 it g R
F A4 AlFeTiCrZnCu, FIIEEBRERI N A, HERIGIEFRE T, FEFERKAES, X HEFE
BB PUE LEIMIE MR STONES .. ESERTHRERE, FibkRmEeiEES 068
A K. miiS 4 AlFeTiCrZnCu, B SR B A TUE U I S & S A R 2 LLBRER, 5 Cu t®
TREAXRR. MElEGEERRNTRERHEMN IR A ERE RN SRBEY), RN SLTg
o B4 AlFeTiCrZnCu, A RINEAETH Cu LRI ZIE, HANM, UWHHE SN Cu RS &2
AR R i A4 AlFeTiCrZnCu, I 12ERaE M. B 4 RBIBESR Cu LR SEMMM, SHe4
AlFeTiCrZnCuy FIEAS SR B AR ARk /N, U6 BH i & 4 AlFeTiCrZnCu, MR E A Cu TR S &
Mg, AOrFRRE tma Tt

Table 8. The total energies (eV) and the heat of formation (kJ/mol) for the HEA AlFeTiCrZnCu, (x =0, 0.5, 1, 1.5, 2, 3)
% 8. BAE € AlFeTiCrZnCu, FESBEEE (V) REEH (KJ/mol) (x=0,05,1,1.5,2,3)

Cu LHRERT & HEELER eV A kI/mol
0 —285.1 6832
0.5 -329.4 —1696
1 -370.6 —2991
1.5 —406.9 —7092
2 —-440.4 -10,821
3 —498.7 -17,329
-250 Y
- 5000
= —m—Total energy
-300 - —A—Heat of formation -
- lo 8
— ©
3 -350 A | ©
= 4 £
[N - =
o 45000 =
c
5 -400 - b
© ©
3 £
. 4 -100002
-450 - S5
i 1 5
I
o0k . - -15000
1 1 1 1 1 1 4
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Mole fraction of Cu

Figure 4. Relationships between the total energy and the heat of formation for
the HEA AlFeTiCrZnCu, with different Cu content
E 4. & & AlFeTiCrZnCu, RS D REE R E AR Cu S 2HEN

4. &g

1) Hffi &< AlFeTiCrZnCu, ) fid% 7 2 Cu J0E S MG IR, 5B 2 3K
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2) M EAE Cu TGRS B SR &4 AlFeTiCrZnCu, FIBAYEH %, KL Cu Jo &R & B4

R Aa e, ERIFAE M HL e 1

J1%

3) AXWEMUHSHT, H%E Cu TRSEIIEM, =& & AlFeTiCrZnCu, 14 5 HIFSE I LA
R e VEHRAT BTt o«

EHEWH

7548 BHH KL W B & B (W H S 20201102003); i3 ke id LR S 35 B (5 E 5

YQ-2017020).

SE

(1]
(2]

(7]

(8]

(9]

[10]

(1]
[12]

[13]

[14]

[15]

[16]

Ranganathan, S. (2003) Alloyed Pleasures: Multimetallic Cocktails. Current Science, 85, 1404-1406.

Yeh, J.W., Chen, S.K., Lin, S.J., et al. (2004) Formation of Simple Crystal Structures in Cu-Co-Ni-Cr-Al-Fe-Ti-V Al-
loys with Multiprincipal Metallic Elements. Advanced Engineering Materials, 35, 2533-2536.
https://doi.org/10.1007/s11661-006-0234-4

Huang, P.K., Yeh, J.W., Shun, T.T., ef al. (2004) Multi-Principal-Element Alloys with Improved Oxidation and Wear
Resistance for Thermal Spray Coating. Advanced Engineering Materials, 6, 74-78.
https://doi.org/10.1002/adem.200300507

Yeh, J.W., Lin, S.J., Chin, T.S., ef al. (2004) Nanostructured High-Entropy Alloys with Multiple Principal Elements:
Novel Alloy Design Concepts and Outcomes. Advanced Engineering Materials, 6, 299-303.
https://doi.org/10.1002/adem.200300567

Hsu, C.Y., Yeh, J.W., Chen, S.K., et al. (2004) Wear Resistance and High-Temperature Compression Strength of FCC
CuCoNiCrAy sFe Alloy with Boron Addition. Metallurgical and Materials Transactions A, 35, 1465-1469.
https://doi.org/10.1007/s11661-004-0254-x

Mariela, F.G., Guillermo, B. and Hugo, O.M. (2012) Determination of the Transition to the High Entropy Regime for
Alloys of Refractory Elements. Journal of Alloys and Compounds, 534, 25-31.
https://doi.org/10.1016/j.jallcom.2012.04.053

Wang, W.R., Wang, W.L., Wang, S.C., et al. (2012) Effects of Al Addition on the Microstructure and Mechanical
Property of Al,CoCrFeNi High-Entropy Alloys. Intermetallics, 26, 44-51.
https://doi.org/10.1016/j.intermet.2012.03.005

Senkov, O.N., Scott, J.M., Sendova, S.V., et al. (2011) Microstructure and Room Temperature Properties of a
High-Entropy TaNbHfZrTi Alloy. Journal of Alloys and Compounds, 509, 6043-6048.
https://doi.org/10.1016/j.jallcom.2011.02.171

Tong, C.J., Chen, Y.L., Yeh, JW., et al. (2005) Microstructure Characterization of AlxCoCrCuFeNi High-Entropy
Alloy System with Multiprincipal Elements. Metallurgical and Materials Transactions A, 36, 881-893.
https://doi.org/10.1007/s11661-005-0283-0

Tong, C.J., Chen, M.R., Yeh, J.W., et al. (2005) Mechanical Performance of the Al,CoCrCuFeNi High-Entropy Alloy
System with Multiprincipal Elements. Metallurgical and Materials Transactions A, 36, 1263-1271.
https://doi.org/10.1007/s11661-005-0218-9

Wu, J.M,, Lin, S.J., Yeh, J.W., ef al. (2006) Adhesive Wear Behavior of Al,CoCrCuFeNi High-Entropy Alloys as a
Function of Aluminum Content. Wear, 261, 513-519. https://doi.org/10.1016/j.wear.2005.12.008

Tung, C.C., Yeh, J.JW., Shun, T.T., et al. (2007) On the Elemental Effect of AICoCrCuFeNi High-Entropy Alloy Sys-
tem. Materials Letters, 61, 1-5. https://doi.org/10.1016/j.matlet.2006.03.140

Varalakshmi, S., Kamaraj, M. and Murty, B.S. (2008) Synthesis and Characterization of Nanocrystalline AlFe-
TiCrZnCu High Entropy Solid Solution by Mechanical Alloying. Journal of Alloys and Compounds, 460, 253-257.
https://doi.org/10.1016/j.jallcom.2007.05.104

Varalashmi, S., Rao, G.A., Kamaraj, M., et al. (2010) Hot Consolidation and Mechanical Properties of Nanocrystalline
Equiatomic AlFeTiCrZnCu High Entropy Alloy after Mechanical Alloying. Journal of Materials Science, 45, 5158-5163.
https://doi.org/10.1007/s10853-010-4246-5

Li, Z., Pradeep, K.G., Deng, Y., et al. (2016) Metastable High-Entropy Dual-Phase Alloys Overcome the Strength-Ductility
Trade-Off. Nature, 534, 227-230. https://doi.org/10.1038/nature17981

Yang, Z., Shi, D., Wen, B., ef al. (2010) First-Principle Studies of Ca-X (X = Si, Ge, Sn, Pb) Intermetallic Compounds.

DOI: 10.12677/mp.2022.123009 94 A


https://doi.org/10.12677/mp.2022.123009
https://doi.org/10.1007/s11661-006-0234-4
https://doi.org/10.1002/adem.200300507
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1007/s11661-004-0254-x
https://doi.org/10.1016/j.jallcom.2012.04.053
https://doi.org/10.1016/j.intermet.2012.03.005
https://doi.org/10.1016/j.jallcom.2011.02.171
https://doi.org/10.1007/s11661-005-0283-0
https://doi.org/10.1007/s11661-005-0218-9
https://doi.org/10.1016/j.wear.2005.12.008
https://doi.org/10.1016/j.matlet.2006.03.140
https://doi.org/10.1016/j.jallcom.2007.05.104
https://doi.org/10.1007/s10853-010-4246-5
https://doi.org/10.1038/nature17981

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

Journal of Solid State Chemistry, 183, 136-143. https://doi.org/10.1016/j.jssc.2009.11.007

Shi, D.M., Wen, B., Roderick, M., et al. (2009) First-Principles Studies of Al-Ni Intermetallic Compounds. Journal of
Solid State Chemistry, 182, 2664-2669. https://doi.org/10.1016/j.jssc.2009.07.026

Wen, B., Zhao, J., Bai, F., ef al. (2008) First-Principle Studies of Al-Ru Intermetallic Compounds. Intermetallics, 16,
333-339. https://doi.org/10.1016/j.intermet.2007.11.003

Zhu, A., Wang, J., Zhao, D., et al. (2011) Native Defects and Pr Inpurities in Orthorhombic CaTiO; by First-Principles
Calculations. Physica B Condensed Matter, 406, 2697-2702. https://doi.org/10.1016/j.physb.2011.04.010

Zhu, A., Wang, J., Du, Y., et al. (2012) Effects of Zn Impurities on the Electronic Properties of Pr Doped CaTiOs.
Physica B Condensed Matter, 407, 849-854. https://doi.org/10.1016/j.physb.2011.12.096

Huang, G.Q. and Wang, J.X. (2012) Magnetic Behavior of Mn-Doped GaN (11-00) Film from First-Principles Calcu-
lation. Journal of Applied Physics, 111, 43907-43907. https://doi.org/10.1063/1.3685901

Wang, J.X. and Huang, G.Q. (2010) Atomic and Electronic Structure of Mn-Doped GaN Film from First-Principles
Calculations. Physica Status Solidi, 9, 591-592. https://doi.org/10.1002/pssc.201084191

Segall, M.D., Lindan, J.D., Probert, J.J., et al. (2002) First-Principles Simulation: Ideas, Illustrations and the CASTEP
Code. Journal of Physics: Condensed Matter, 14, 2717-2744. https://doi.org/10.1088/0953-8984/14/11/301

Ramer, N.J. and Rappe, A.M. (2000) Application of a New Virtual Crystal Approach for the Study of Disordered Pe-
rovskites. Journal of Physics and Chemistry of Solid, 61, 315-320. https://doi.org/10.1016/S0022-3697(99)00300-5

Bellaiche, L. and Vanderbilt, D. (2000) Virtual Crystal Approximation Revisited: Application to Dielectric and Pie-
zoelectric Properties of Perovskites. Physical Review B, 61, 7877-7882. https://doi.org/10.1103/PhysRevB.61.7877

Kakegawa, K., Mohri, J., Shirasaki, S., e al. (2010) Sluggish Pansition between Tetragonal and Rhombohedral Phases
of Pb(Zr,Ti)O; Prepared by Application of Electric Field. Journal of the American Ceramic Society, 65, 515-519.
https://doi.org/10.1111/j.1151-2916.1982.tb10344.x

Winkler, B., Pickard, C. and Milman, V. (2002) Applicability of a Quantum Mechanical Virtual Crystal Approxima-
tion to Study Al/Si-Disorder. Chemical Physics Letters, 362, 266-270. https://doi.org/10.1016/S0009-2614(02)01029-1

Payne, M.C., Teter, M.P., Allan, D.C., ef al. (1992) Iterative Minimization Techniques for ab Initio Total-Energy Cal-
culations: Molecular Dynamics and Conjugate Gradients. Reviews of Modern Physics, 64, 1045-1097.
https://doi.org/10.1103/RevModPhys.64.1045

Perdew, J.P., Burke, K. and Erzerhof, M. (1996) Generalized Gradient Approximation Made Simple. Physical Review
Letters, 77, 3865-3868. https://doi.org/10.1103/PhysRevLett.77.3865

Hamann, D.R., Schluter, M. and Chiang, C. (1979) Norm-Conserving Pseudopotentials. Physical Review Letters, 43,
1494-1497. https://doi.org/10.1103/PhysRevLett.43.1494

Leung, T.C., Chan, C.T. and Harmon, B.N. (1991) Ground-State Properties of Fe, Co, Ni, and Their Monoxides: Re-
sults of the Generalized Gradient Approximation. Physical Reviews B, 44,2923-2927.
https://doi.org/10.1103/PhysRevB.44.2923

Nye, J.F. (1985) Physical Properties of Crystals: Their Representation by Tensors and Matrices. Oxford University
Press, Oxford.

Anderson, O.L. (1963) A Simplified Method for Calculating the Debye Temperature from Elastic Constants. Journal
of Physics and Chemistry Solids, 24, 909-917. https://doi.org/10.1016/0022-3697(63)90067-2

Lyapin, A.G. and Brazhkin, V.V. (2002) Correlations between the Physical Properties of the Carbon Phases Obtained
at a High Pressure from Cg, Fullerite. Physics of the Solid State, 44, 405-409. https://doi.org/10.1134/1.1462656

Pugh, S.F. (2009) XCII. Relations between the Elastic Moduli and the Plastic Properties of Polycrystalline Pure Metals.
Philosophical Magazine Series 7, 45, 823-843. https://doi.org/10.1080/14786440808520496

DOI: 10.12677/mp.2022.123009 95 A


https://doi.org/10.12677/mp.2022.123009
https://doi.org/10.1016/j.jssc.2009.11.007
https://doi.org/10.1016/j.jssc.2009.07.026
https://doi.org/10.1016/j.intermet.2007.11.003
https://doi.org/10.1016/j.physb.2011.04.010
https://doi.org/10.1016/j.physb.2011.12.096
https://doi.org/10.1063/1.3685901
https://doi.org/10.1002/pssc.201084191
https://doi.org/10.1088/0953-8984/14/11/301
https://doi.org/10.1016/S0022-3697(99)00300-5
https://doi.org/10.1103/PhysRevB.61.7877
https://doi.org/10.1111/j.1151-2916.1982.tb10344.x
https://doi.org/10.1016/S0009-2614(02)01029-1
https://doi.org/10.1103/RevModPhys.64.1045
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevB.44.2923
https://doi.org/10.1016/0022-3697(63)90067-2
https://doi.org/10.1134/1.1462656
https://doi.org/10.1080/14786440808520496

	第一性原理计算Cu元素含量对高熵合金AlFeTiCrZnCux力学性能的影响
	摘  要
	关键词
	First-Principle Calculation of Effect of Cu Content on the Mechanical Properties of High Entropy Alloy AlFeTiCrZnCux 
	Abstract
	Keywords
	1. 引言
	2. 计算方法
	3. 结果与讨论
	3.1. 结构性质
	3.2. 弹性性质
	3.3. 生成热

	4. 结论
	基金项目
	参考文献

