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Fig. 1. Convergence test results of the calculation parameters: (a) Energy cutoff; (b) k-point mesh.
# 1  CuZr, MEARLEFER
Table 1. Crystal structure information of CuZr, alloy.
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Fig. 2. Structural models of 12 Cr-doped CuZry: (a) CuZr;5Crys; (b) CuZrCr-1; (¢) CuZrCr-2; (d) CuZrysCrys; (e) CugsZryCrys;
() Cug5Zr5Cr-1; (g) CugsZry 5Cr-2; (h) CugsZrCry5-1; (i) CugsZrCry5-2; (j) CugsZrCrys-3; (k) CugsZrgsCry-1; (1) Cug 521 5Cra-2.

HLR Y fA% 5 B 2 Frgl). g5 R, Cr B2
(1) CuZry L5 AR SR LA VU5 f RFRAE, (i F 5
25 Cr R FIGIA, S EGRHAHEAR X PR & A
IR, 723 LR E DR e X B AR A0 Dy 25 i e 28 R
A FR I B4 7 B DU 5 48544 . TRlRs, Cr JCR B4 (H
LR s RO A T AME. o AR E R o TN
b B S AL TE FITE 2.901—3.279 A [A], T Shks 3 4k
¢ M7E 8.697—11.243 A [a] 254k,

; (b) CuZrCr-1; (¢) CuZrCr-2; (d) CuZrysCrys; (e) CugsZryCrys;

%2 Cule, BILEIHY 12 50 Cr B2 SRR 1
Table 2. Lattice information of CuZr, and its designed 12 Cr-doped structures.

ey 23 [l s AL
CuZr, Tetragonal-I4/mmm a=0=3233A; c=11.207 A
CuZr,y% Tetragonal-I4/mmm a=b=23236A; c=11.204 A
CuZr; 5Crg 5 Tetragonal-P4mm a=0b=3215A; ¢ =10.408 A
CuZrCr-1 Tetragonal- P4/mmm a=b=3178 A; c=9.715 A
CuZrCr-2 Tetragonal-P4/nmm a=1b=29814; c=10504 A
CuZry5Cry 5 Tetragonal- PAmm a=0b=2932A; c=9.601 A
Cug 5ZryCrq 5 Tetragonal- PAmmm a=0b=23261A; c=10931 A

Cug 5Zr 5Cr-1
Cug 521y 5Cr-2
Cug 5ZrCr; 5-1
Cug 5ZrCry 5-2
Cug 5ZrCry 5-3
Cug 521 5Crs-1
Cug 521y 5Cry-2

Tetragonal- PAmm
Tetragonal- PAmm
Tetragonal- PAmmm
Tetragonal- PAmm
Tetragonal- PAmm
Tetragonal- PAmm

Tetragonal- PAmm

a=b=23279 A; c=9.951 A
a=0b=3021A; c=11.243 A
a=b=3244A; c=9.084 A
a=0b=3039A; c=10.117 A
a=b=2906 A; ¢ =10.901 A
a=b=2901A;c=9558A
a=b=3051 A; c=8697 A
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Fig. 3. Phonon spectra of CuZr, calculated by the DFPT
method.
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Fig. 4. Phonon spectra of 12 Cr-doped CuZr, calculated by the DFPT method: (a) CuZr;;Crys (b) CuZrCr-1; (¢) CuZrCr-2;
(d) CuZrysCrys (e) CugsZraCros; (f) CugsZrysCr-1; (g) CugsZrsCr-2; (h) CugsZrCrys1; (1) CugsZrCrys2; (j) CugsZrCrys-3;
(k) Cug5Zrg;Crao-1; (1) Cug5Zrg5Cry-2.
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Fig. 7. Density of states of dynamically stabilized Cu-Zr-Cr doped structures: (a) CuZr,;Crys; (b) CuZrCr-1; (¢) CugsZryCrys;
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WFFERA RS B AT R T B, TR, A s
R RV AR A ) 2R e e r A B2 Bk
TR RN CuZry BT 6 Fhah Ji2eia e
1 Cr B 244548, SR 13 F T L Hooker 2 B %) i/
JI-WAB R F T, 435X CuZry M H Y 6
I FRE R ARG M AT T I MU 45
B 73X T MEAT YT AR SRS B S AN ST Y
BPEREL Oy, Cha, O3, Csg, Oy Fl Gy, WL 3 FTF1).

HI T Voigt-Reuss-Hill S5 BARSF A EE T T
A ) SRR A A S 22 AR R B, B IR
it E BT G AR SRR 2 [ YOG 2R 0L,
I, SR (1) X—(8) itk — 20 i 73X 7 Fhght
2 AR, TSRS T4 3 .

1

By = 3 (By + Br), (1)
1
Gy = 3 (Gv + GRr), (2)
9BG
- 3B+G’ ®)
3B —2G
S —— 4
" T 9BB+G) @
XTI 5 AR A,
2(C11+ Ch2) +4C13+ C
BV _ ( 11 12)9 13 33, (5)
_ Cs3(Cii+Cia) — 207, (6)
R7 C+ Cra + 2033 — 4C1y
Gv
_ 4(Cr1 — C13)+2(C33 — C12) +6(Co+2C44) (1)
30 ’
# 3 CulZry LHBTH 6 Fzh J2# 58 1) Cu-Zr-Cr 152424
e v DR A ) et R - AV
Table 3.  Elastic constants Cj;, elastic modulus E, B and G

)

30[2(C11 + Ci2) + Cs3 +4C13
GR =

4| (Ch1 + Cra)C33 — 202,
3 3 317!
+ te— |, (8
Cii—Ci2 2Cs6 Cu ®

b, € (GPa) JEHPERIE R4 By M Gy (GPa)
3N R AR BRR RE M BT I L R Y Hill “F341E; By
Gy (GPa) 41 3 R FR R Ay VRIS 1Y Voigt it
UE; B 1 Gy (GPa) 735l o A FRASE 5 1 5 D) 6L
A Reuss FERI{H.

M 3BTRS R AT IR, s e
i Cu-Zr-Cr B2k R, Cr 4] LIE CuZr,
RO spE A . Horp, CuZrCr-1 194 KA = E Y
YRR G e, 1 Cug 5Zrg 5Cro-1 FIRE R B
5. MHHET CuZrCr-1, Cug 5Zr ) 5Cro-1 8 CuZr, 19
[ E MG UIEE G YA RIS, B, 78 6 F
) 11 %5 EW) Cu-Zr-Cr 842458 v | CuZrCr-1
R T s i 4 A

BEARAT PIE B, Cug 5Z19Cry 5 Fll Cug 5Zr; 5Cr-1
BB PERLE /T CuZry, R Cr B GE T
CuZry FINIEE. AHELTF Cug 521y 5Cr-1, Cug 5ZroCry 5
Y AR i IR, PR, Cug 5ZroCrg 5 EA S/
VAR ). (AR RN, TETFER Cr 182
KRR, Cug 521y ;Cro-1 HIR AR BRI BT I
G A, MR B &, R CugsZrg 5Cry-1
W5 T/ KB U1A8 08, Wi SRR N T A8 B
B RIME.

TEMPRR B A 1) SRR FE D7 T, 25 IR 1Y)
SRR R, SR FHIE A 10 PR AY = 5Gy/Gr+
By /Br — 6 K ALM R 3L 4 ) S 9L AY 3
AR T3 3 . XF& mFEMEMRHY AV = 0,

MRS R R Oy SRR E, BRI G (B42: GPa), T

(unit: GPa), Poisson’s ratio v and elastic anisotropy factor AV

of CuZr, and its designed six dynamically stabilized Cu-Zr-Cr doped structures.

Cn Ciy Ci3 Cs3 Cu Cs E B G v AY
CuyZr, 177.84 66.03 90.74 145.69  63.53  30.98  120.58  110.67  45.73  0.318  0.654

CuyZr, 169 74 91 150 66 32 121 111 46 0.319 —
CuZr, sCrq 169.46 71.06 99.28 131.70 5855  40.31  109.35  112.11  40.88  0.337  1.086
CuZrCr-1 170.13 79.39 87.12 154.64  59.34  54.67  129.90  111.32  49.75  0.306  0.207
Cuy 5Zr,Cry 5 161.46 82.82 83.20 129.22  45.58  30.00 99.19 104.96  36.94  0.343  0.239
CugsZr; ;Cr-1  156.42 81.40 82.94 143.64 4445 4759 10849  105.60  40.82  0.329  0.105
CugsZrCris-1  169.53  115.28 67.77 143.12 4352 89.44  123.36 10729  47.14  0.308  0.860
CuysZrysCry-1 28453  116.96  112.07  227.27 7.48 29.15 77.29 163.23  27.20  0.421  4.800
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T 2 2 H ) R/ NJE T RS ] e AR B, ()
A S T B DI AR e AR AR 8 X6 4% 1) S PR Y
DUBREE. B 6 B Cr A& rh Cug 521, 5Cr-
1) AV fEIRES 0 3 /b, I HT T4% ) [R1PEA1 R
[A]A Cug 5Zrg 5Cro-1 A AY AE L I8 K F H Al 25 4,
P 2R B R Y M A ) S R AL, B ET UK
B, CuZrCr-1 fl Cug 5Zr5Cr, 5 1) AV {EZIT, /)
F CuZr,y. X CuZrCr-1 Fl Cuy 5ZryCry 5 F 5
P 1) SR R AR — B, (HEE55 T CuZr,.

TE 1A T T, W25 AT i —A~ /Ny
GT1, #5 IR RE R IR I 254, TR 4 S A 2
VeI H E— 2 35 /£ Born-Huang #EN] b7, %} F H
BT AR Amm A 4/mmm 5 BB CuZr,
6 Fft Cu-Zr-Cr BI451, # iR S5t BA 152
FE M, MR ROV 208 2 (9) 2P

C11 > |Cia|, 2CF5 < C33 (C11 + Cha),
Ci4 >0, Cge > 0. (9)

R 3 T AR AL O iTLIAH, CuZr,
F1 6 Flt Cu-Zr-Cr 84245 #) Y475 /& Born-Huang
W), ZER AR )R 1.

Bt

2

FEIRE

o]

~

3.5 CuZr, X & Cr B H 55111
RYERIEE

TEFEEE (0p) S& b BHA S M i 1) — WA
SR, T AR S AT 2R PR TR R T ke ke 9,
TEFEIRLRE 5o 4. LIV KA O, FEFER
JIE R AR, L AR R o (601,

Rt —2 T i CuZr, F1 6 Ff Cu-Zr-Cr 5744
PRI 20 R, T3 3 15 R BB 2L, 254
Yl 21 /NG W/ 11| b B e 1 B O S 3158
AT T Ak, MRS Anderson® FUIFSY, R E
Al LAFGA I P 1y, P T v, AP v, o
. Bk (10) X—(13) XA H:

137101
iG]
v =[(B+4G/3)/p]", (11)
w=(G/p)'", (12)

X, h N WITCH L, ks WBIRGEREEL, Ny
BT R A2 3 5L, p(kg/m®) JE4 L, M(g/mol) S
i, n RIS RS, B G(Pa) 735
PRAL R R0y R

T A THRRERHE TR IR L BT AR
T AR AT LUE ), R IR 9 RN IR A

j\j: GD(CquCrfl) > 6D(C\10.5 ZrCr1.571)>0D(C112 Zr4) >

Rl

Op(Cu0.5 7215 Co-1) > Op(Cuzr1 5 €r0.5) > 0D (Cu0.5 702 Cro.5) >

tgD(CuU,E, 7r0.5 Cr2-1)- S AR AT O B %) D s A B o
Al PL K EHE Wi CuZrCr-1 #1 Cuy 5ZrCry 5-1 B9
THEE LY CuZr, S, Cuy 5Zr, sCr-1 fl CuZr, ;Crq 5
HIRERE 5 CuZr, AHY, T Cug 5Zr,Crq 5 A1 Cug 521 5
Cry-1 WREFE SR AR T CuZr,.

IEAR, FEF 25— R A B A G B (S B AT
T BRSO AOR RO 52470, AR B
PO BE Bl B, SCRRIRIE T 2R AL G
PR RAR R 62 66, o, Chen 2564 I Tian 450
(RS FEAA R B NAZ UG . Chen 45 01 7ERERE
BRI A Pugh Bt I k = G/B, (HREEERIALS
MEHMETEAR T AREFBYAHOCHE. Tian 55 @ 7E Chen
S5 O g Befils B SR LA Y 5 4] Chen 45 B
BOLEAT TIBIE, 193] 7 — iy, A R R
T AU bR A L B AT REVE. AR Tian 45 16 31
SR A DRIE BE B, i (14) 2B 16667, 3
— AT T X U AR 4E [CRE L | 11345 58 T
=4 rh,

4 ITEHBIR CuZry K Cr BIRE5 B | PEFRIR AL K 4k [ A

Table 4.  Calculated sound velocity, Debye temperature and Vickers hardness of CuZr, and its Cr-doped structures.

M/(gmol!)  p/(gem®)  n  w/(msh)  p/(msT)  vy/(msT) Op/K Hv/GPa
CuyZry 491.98 6.97 6 4960.79 2560.54 2866.83 316.98 5.044
CuZr 5Crq 5 452.76 6.99 6 4883.10 2418.77 2714.89 308.80 4.042
CuZrCr-1 413.54 7.00 6 5038.35 2666.23 2980.21 349.55 5.853
Cug 5ZryCrq 5 480.43 6.86 6 4740.05 2319.93 2605.71 288.85 3.614
Cug 5Zry 5Cr-1 441.21 6.85 6 4833.71 2441.41 2737.16 311.94 4.316
Cug 5ZrCry 5-1 401.99 6.98 6 4936.62 2598.51 2905.58 343.76 5.527
Cuy 521y 5Cry-1 362.77 7.49 6 5161.51 1905.76 2163.55 271.14 1.243
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Hy = 0.92k*137G0 ™%k = G/B. (14)
B R A RERAT BRI AR R g,
RCRE B2 1 5 SR AR I, ARl T hin T 00, 1A
15 2—8 GPa ZI[AJI}, FARH AT AN T A% i 5 £t
SR 08 NFE 4 W RIFH, BR T Cug 5Zrg 5Cry-1 A1,
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Abstract

In recent years, the design and development of new high-performance alloys based on first principles have
received extensive attention. However, there are few reports on the structural design and thermodynamic
properties of Cu-Zr alloys at nanoscale. In this work, based on the crystal structure characteristics of CuZry, 12
kinds of Cr-doped CuZr, structures are designed and optimized by the method of Cr atom doping through the
first-principle calculation based on the density functional theory, and 6 kinds of mechanically and dynamically
stable doped structure models are found. By calculating the electronic structure, elastic properties and hardness
of the CuZr, and its dynamically stable Cr-doped structure, it is found that the studied objects have all energy
bands that pass through the Fermi energy level and are metallic. The main contributors to the metallic
properties of the CuZr, are the p and d orbital electrons of Zr, while the main contributors to the metallic
properties of the 6 dynamically stable Cr-doped CuZr, structures are the p and d orbital electrons of Cr and Zr.
Meanwhile, CuZr, has symmetrically distributed spin electrons, which do not show magnetism externally.
However, the doping of Cr atoms increases the elemental species of the matrix. In addition to the difference of
spin electrons brought by the d-orbital electrons of Cr atoms, the doped Cr atoms destroy the symmetrical
distribution of electrons with different spin directions in the p- and d-orbitals of Zr atoms in the matrix, so that
the designed 6 dynamically stable Cr-doped CuZr, structures exhibit ferromagnetic properties with magnetic
moments ranging from 0.303up to 5.243up. In addition, it is found that Cr atoms can improve the mechanical
properties of CuZry. When the Cr atom is used to replace the Zr atom in the matrix, the elastic modulus and
hardness of the material can be improved, and when the Cr atom is used to replace the Cu atom in the matrix,
the machining properties of the material can be improved due to the reduction of hardness. The datasets
presented in this work, including the band structure, density of states, and phonon dispersion frequency, are
available from https://www.doi.org/10.57760 /sciencedb.j00213.00122.

Keywords: first-principles, CuZr, alloy, doping
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