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Abstract

To address the insufficient accuracy of traditional empirical potentials in molecular dynamics sim-
ulations of Cu-Cr alloys and the spatiotemporal limitations of first-principles calculations, this study
utilizes the sixteen-element high-entropy alloy neuroevolution potential (UNEP-v1) framework. By
systematically calculating the equation of state, phonon spectrum, elastic constants, and stress-strain
responses, the high consistency of the developed potential with density functional theory (DFT) ref-
erence values is rigorously validated. On this basis, large-scale uniaxial tensile molecular dynamics
simulations are conducted on Cu-Cr alloys with various Cr concentrations along the [010] crystallo-
graphic direction. The results indicate that as the Cr concentration increases, both the elastic mod-
ulus and yield strength of the alloys are significantly enhanced. Microstructural evolution analyses
reveal that during plastic deformation, the alloy releases elastic strain energy via local phase trans-
formations from the FCC phase to a BCC phase, with the deformation predominantly governed by
the nucleation and glide of 1/6 [112]-type Shockley partial dislocations. The introduction of Cr at-
oms effectively pins and restricts dislocation motion, thereby substantially increasing the critical
stress required to drive plastic deformation. This study not only provides a reliable interatomic
potential for large-scale atomistic simulations of Cu-Cr systems but also profoundly elucidates the
solid solution strengthening mechanism of Cr at the atomic scale, providing a fundamental physical
picture for understanding the solid solution strengthening stage of Cu-Cr alloys.
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1. 5|15

T 2 R B I D B B BUTE S I R G B e R F s AT L IR Tk B ) S5 AR 2 B AR K
P S RAEAR 6 JRIE SR AL . T F AR R RN I JE , X ARAE AT IR e b4 & S 00T 7 R EW
WR[1] [2]. BESNRAES EI IR NG RO . W4, 5 (Cu-Cr) & & R S S vk m) =
PR RIS, BN RBER ] ) B FE AR - DhReM L, T2 RO TAE RS 5] RAE L . ek i e fi
2 KN Mk DA R vyl L I 2 S5 AT [ 3] - [5]

Cu-Cr G411 /1 VERE F EE YK Cr AT th 51 R BIbT HssAk . ArEs s A Fn & AL BT g [6]. 1
SIS AR B, B 2238 LI S I R 2R U RO AT AR RS R AT, AR R SR
f=1 1 65% IACS [ [FRS, SEILE T 600 MPa ffth s fE[7]. A, fETR G SEEM Tiv Zr. Ag.
Si AR Y. Sc. Er &L IeE) CHHIE B REANE] Cr T P RAL, S5tk S5 th ) S i il Seas v,
IR ER S S MPUER A ERE RN kA st A e E[8]. 4RI, &4t SLIRik e SZ IR T B R ] 5
BERUAS, I HAEE BRI AR KBS AR, U0SRME DLSE I 4R 608 - Ar A BAE T . AR B AR DL 5
TR BT (0 7 R S AT AL I FE 9], R M Bk Cu-Cr & &R E R R EEoRIE, (HEASE
[ 25 A BT B B AR/ IR FE R T, Cr Ji - PR [ VA i A TR A 2 v A ) 2 PR R I SRR R 35 o [V i
AR BT H SRR AT B B, AR S5 1R B DT R A SROW A A A ) B
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N SEIRSEEE N EERR ], AR O RN R Cu-Cr & & TEHLHI M EEF B, %EZ Mg
(Density Functional Theory, DFT)7E Tl I AH & e P4 FH S0 5 2507 T 2 Bl S RS B, (ESZ2 PR T2 O(N® ) 11
TR, R R PR T /N A8 2280 R A0 i 1) ROFE R AE4UL[10] - A& 1K) 53 1 3 71 %% (Molecular Dynam-
ics, MD) e % fith S TR PRI 23 ROBE S (E FLAR S 1) 8 56 34 bR 5 A B = W ff i 08 22 20 43 i s e i 24 AT |
IR ORE R . IR, ML 2% 2] 5 iR £ (Machine Learning Potentials, MLP), % Behler-Par-
rinello #H1£2 Y 2% 4. 1 i L34 (Gaussian Approximation Potentials, GAP). #1415 35k 43 47 %5 (Spectral
Neighbor Analysis Potential, SNAP). %7K & #(Moment Tensor Potential, MTP). % ¥ #fit (Deep Potential,
DP)Fl i % & JF # (Atomic Cluster Expansion, ACE), LA i #1425 15 1k %4 (Neuroevolution Potential, NEP) %%,
NIX— ] AR AL T i e BB [11]-[17] I R R B 2 ST SR U E R IR FF, NEP 256 1 DFT 2l ks
FEAT MD ol f280%, 45 8 5 8 70N BRI AT BE . T RES & B HR AL 45 3h 0% . AT tH 4T
LR AR B AT A . 5 DFT PAA R R T- % (Embedded-Atom Method, EAM)Z: 2 56 3440 EL , NEP
FEVT SRR SRS B IR SR B T e AR~ 4, A8 AR 9T Cu-Cr & 42 22 JRUFE Jy 2 B (1) 348 T AL [18].
UNEP-v1 24T 16 ju &R AR B & SR R KA T 585 & a1 NEP #ed, 782 M s it
JR B A S I R R RS R, HZ LB J008, BRRSREUHE TN 2 £ uE &4 ( MoTaVW) A
FaE AN )1 2247 [19]. NEP89 NIl & AT K 78 o Jo & JA JAZR v (1) 89 e 2 388 H #4 sR B0 i AT 1) — IR 5%
iR [20].

FEARBEFEH, 3l xS RS T7 R 75 1 (Bl 3P RBORIRE 7 - N34T0, Bk T UNEP-v1 Fl NEP89
£ Cu-Cr &4 1R R & M. BEJE, K UNEP-v1 355 F TR S AR Cr & 844k %t Cu Pihsm 4Tt
PO o X T TAEUEEH T NEP HEZLTEHERAARALL Cu-Cr 14 5 77 TH 1) RE

2. itE G

HNTHRI Cr &3 Cu Hh st B RO, KA GPUMD #{4X} Cu-Cr & &xilk47 T b
AT FR I 48 T2 SR [21] . [RIET, {35 OVITO BAE% A8 T i 72 Fh A AR AT 9 5 WO 45 R A dE 4T
T AL S #r[22]

TEHEAT B PR AR TSI Z 1, BT BRSO R Pl 2R . St S L KR AT - NARAT N,
Xt NEP #4 58 85 038 FF 1 RAERA P HEAT T RBI6AIE .

THE 7 UNEP-v1 & NEP89 5 by £ Tl & & ¥R 3577 14 (Equation of State, EOS). F AT &, d@idxy
P AT S0 4 T A B AR FLAAR R, R NEP 1137t AR R R XS R Gi e i, LA HfE
AR I 2 o B T P85 RS 3 T 4E g 5 — 1t R PSR P (Vienna Ab-Initio Simulation Pack-
age, VASP) {55 72 bR BG5S 45 ST 7 %t Eb . DFT #5871 ORI {4 (Generalized Gradient Ap-
proximation, GGA) K] Perdew-Burke-Ernzerhof (PBE)iZ pk[23] [24]. Cu 1 Cr K VT AR W51 B N
520 eV, FHRHILAT SN0 16 x 16 x 16 K s PR X A FLIH X 347 KA

e ORI 2 i 57T, 2T UNEP-v1 Fl NEP89 4 58 %1, 454 Phonopy #{F40, it Hy st
Ji B S5 ] ) B 0 B (Hessian R ) R IR B S ¥ [25] . EAAP IRy o St SR kAT g5 R e,
W i R A 0 K IR RE A, R NEP 5 bR 50 3088 i v BT B R AR Bl ML 5 (132 D0 o, T EUR
TS, B RS sl S AR B T OO R . N T TS RERE, IR Parlinski-Li-
Kawazoe 77i%, it VASP THH AR E 152 )RR BUE — MR R B 1. 7EMLd A2, Cu A Cr (19°F
TV AT RE 23 3 1 BN 440 eV F1 400 eVo THEJEFIRES, KA THRZEME, MBPKEEN
0.01 A, MANJT T 2 IALFS 5. Cu Al Cr 43 BISRH 107 108 AN JR-T-F1 128 ANk iz, H
K ASREE AR T R
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AR

7E DFT SR e, BTNy - NAR K RATHE S . Wi LA S 1 b B it i 22 403007 1)
NSRS, I VASP SR R 0 87, 38 e 2 1 40, R 6 4 PR A ST 5 O R (C) [26] 0
STH R AT RE Y B v 400 eV, Kk SRS E BN 16 x 16 x 16, % T NEP $A4 &%, AL
J7i%i@id Calorine Python 2 /5 AL it B g i 1271

IEAh, XL T UNEP-vl. NEP89 5 DFT 1A BN /) - NARIT A . &5, (/4 VASP 3R 4l
Cu IR - AR KRR Mg T —MIE 4 N EF IR0 3777 (Face Center Cubic, FCC)Aafifl, FF75[001] 4
) SR AR A Y . RIS AR S, OREE ¢ KRR, AVF a fAl b B BT, PRI 2z 7
IR fy. BEJE, [FIRERH] GPUMD R 545 & UNEP-v1 Al NEP89 # BBt 5 T Cu IR /) - RiAF X A,
BRI B 5 VASP 5t 5 5 BS5F I zz J5 RN J7 . XEF46 Cr (R AT - MR &R, R T A
B FETT 8, PO BN E o & 2 N R 14402 3777 (Body Center Cubic, BCC)#an il »

3. &R 57He
3.1. EAMIREM BTN

N T IAIE UNEP-v] 3R vERa e, HE T — RVNEAYIEMR . K 1 5587~ T Cu F Cr 7E-F1]
1EFA 80%Z 105%3E [ N IRE & - RF 2R . AE3EANIER R FRYE B Y, NEP 3558 Bl (iR 45 7 72 i

25 DFT 4534, RY] UNEP-v1 # ek e s #Emfiliid Cu-Cr & /£ 95 VE AR AR NI AZ T ) BE
ATy, 10 NEP89 %5 XUl 5 DFT i f 2= 5K

(@) o DFT (b)
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Figure 1. Equation-of-state plots from UNEP-v1, NEP89, and DFT calculations: (a) Copper; (b) Chromium
B 1. UNEP-v1, NEP89 #1 DFT it EAIIRESHEE: (a) $H; (b) 4%

B T B IPRA T REAL, IR bR T et 2R I0AIE AR T3 12 . ] 2 JEZR T B UNEP-
vl THHEARIN) Cu A Cr (FE Tk, KI5 NEP89 K DFT (Wil 4 Wikt Ttk 455 R,
UNEP-v1 Tiil (75 7 B 5ORE B2 5 T NEP89,  HLUAH HYBILEEAN, IXUESE %% bR HU R 8 v 15 18 )57 [H] 1)
ok

Cu M Cr 48R J5 fh &R, g 5T Al i =AML R30I 3 B e 1R : Cuy Co Fl Caso FEARWFR
W, R NEP A R E0T TANH CrikREE R Cu-Cr &4 stk d, 4558 T£ 1 9. N T NEP
PR TINAS B, Bk 5HAE S DFT B8R T 7 RGN L. 455K, NEP 5 o E it i 3 14 4
5 DFT 1HESE RV A R B #rE5 S0 MR 2 33 I 7E 10%0AK .

Ak, FIA DFT tHEHE T8 4 NET RN /) - MAREIZE, FHHIHE5S NEP g5 #
HAT TXPE . Wl 3 B, 55T UNEP-vL RN ) - BRI R 5 DFT % S EW) &, 1 NEP89
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Figure 2. Phonon dispersion curves calculated using UNEP-v1, NEP89, and DFT: (a) Copper; (b) Chromium
B 2. UNEP-vl, NEP89 #1 DFT #HEMAEFEHE: (2) $H; (b) &

Table 1. The calculated elastic constants Cij (GPa), bulk modulus B (GPa), shear modulus G (GPa), young’s modulus E (GPa)
and poisson’s ratio v of Cu by UNEP-v1 and DFT

52 1. UNEP-v1 1 DFT i+ &R0 4 B Cij (GPa). K& 8 B (GPa), BI{JHEE G (GPa), #HKIEE E (GPa)F;AMEE v

HiAf P RE S 4L UNEP-v1 DFT
Cu 169.19 172.32
Cw 125.84 116.17
Cu 81.20 83.31
B 140.29 134.88
G 57.39 53.92
E 129.36 142.73
v 0.34 0.32
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Figure 3. Stress-strain curves for 4-atom supercells calculated using UNEP-v1, NEP89, and DFT: (a) Copper; (b) Chromium
[ 3. UNEP-v1. NEP89 1 DFT i+H#) 4 [RFiBMIAIN /1 - MZHhZk: (a) fH; (b) &

3.2. FFEHFRHRHL

K UNEP-v1 HL 3% 2 1 5 s 8, X Cu-Cr & 433 [010] 5 A3k 4T B b p A AR FE AR . 14 56, F1F OVITO
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AR

AR . DAA R PR TH oSz 7 SR R 2R, W5 = AN AR B9 & 15, 25 R 15 fi%, M RSTA
50 x 83 x 50 A3 ff#E MUY, fA R L4 22,500 N JE . B, 8 A& 438 B 301k T A4 (Alloy-Theoretic
Automated Toolkit, ATAT) )& #E it H1.45 ¥4 (Special Quasirandom Structures, SQS)AAY, Cr i 74 &7 7%
BH N 0%. 10%. 20%. 30%. 40%F/ 50% [28]. HLALIK)=/NAA%R%H 4] 5 di 42 77 18] [100] . [010]41[001]
TREEN 55

AR T

TEFTAE =ANT7 1) 350 ) B 12 5 26 A o R AL ADL R I (] P B B 1 fs, i RIRE 4ERF7E 300 K.
WA B, RS0 2515 25 K (1Isothermal-Isobaric Ensemble, NPT) £ 45 1 5% Fi| Berendsen #043E4T 10 ps 45
FahTE,  DATH BRATAE AL B (1 4 B ) ik B3 5P 47 . AR BUA B PAESS, FUCR NPT REEHET
PR, Horp R 45 s R P BE AL i 4 Ji (Stochastic Cell Rescaling, SCR) /7. 7Efifiiid firk, x FliAn
z 7 AR IR FE N 0 GPa, RIZEFRRE A [ frath ¥, RN y #h(RP[010] 4% 1MI) LA 6 x 1074 Alstep fI1H &
BORTIMNAS, HeitHifi 50,000 2, X RLA RN AR FE A 6 x 10957

AR, ELWAMT, MABKNARIBE N 104 s T B, @K T 75130 1 5Bt pirk A
(IRAZEE . AR, X P22 SR T P A OV I ST ROBEAS ] s S B AR 2R GRS Al P2 s WA B A2, T4+
) 7SRRI R FH 1) i A8 2 U] G 405 7 A BIR P T SRR ) P9 A B 7 T FRBE R AR T AL )-S5 AU s e R e
THAES EE I RE Y B R A

NT VAl Cr & &EXF Cu-Cr &4 2RI, X HAT AR Cr K& & AR [010] F 13k 47 T
BB, BTSRRI ) - BRI 4 FoR. BT A &R ST - NAR IR TERT GG P BE Y R B
TRIEMK R, RHMEHESPERTEM B OB G A 7o e . M ARTA R 2 18%H),  #LPERT BLAR 2 (15
PERAZ BRAE PRI, TN T BRI o S PRy Ve B R g RIERE T4 8} S IR B2 o iE NIRRT X S
ith 2R SRR LT AR BN IR Bl X T YA T I R A . TR AR i DL ST A LA
Z BN 52 A B R RIS o

18
16F Cu-Crx%
Ty 0%
2l e, - 10%
12} <
£
3 10t
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6 8r
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w2 6k
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Figure 4. Strain-stress of Cu-Cr alloy under uniaxial tensile stress along the
[010] direction at 300 K and 10° s strain rate

[ 4. Cu-Cr &4 7E 300 K 1 10° s Rz 3FiR # T 3H[010] 75 [5) B S hr R B L
711 - M HhZ

Cr & XS Cu-Cr &I 1A RE BA BE M. WK 4 PR, & <500 e R AT FRBLR SR Cr ik
JERISE AT B B4 . AEFEARTEBT BL(RM A < 10%), FTA B B 2o Rl R A — 2, B E R s
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Figure 5. Phase structure fraction distribution of Cu-Cr alloy subjected to uniaxial tension along the [010] direction at 300 K
and a strain rate of 10° s*: (a)~(f) Cr content increasing from 0% to 50%

5. Cu-Cr &£ 7£ 300 K 71 10° s ! RI B iRZE TH[010] S e B dhhifi, LM GEES%: ()~(f) Cr S EM 0%IEME
50%

WREEI CriE R 7% Cu BRI S S R AT B, X & [ VA AR TEAR N AR T LA it i 3 P e Ay 32 1) A8
FEAFHE . T2 N AR RE 1000308 NIB R B, HHZE EIRH B B A B Cr & & 0 at.%3
% 50 at.%, PUHidmE MLl Cu ) 12.54 GPa #27+ 4 50 at.% Cr 442/ 16.88 GPa, 1IFik 30%LL L. X—
FEBAUESE T Cr JRFVE NI FORAAH 0 250, FLam b RO AR ik B X [A) (>30%) It N i35 o IRl 4% EGASE
EIEHIE K, M 157.41 GPa #2712 160.64 GPa. HiZE/E R4S 18%~20%[X ]34 BN F1 3R F%, brbd %
MWL A A . AR Cr S AEWTR AT P 6w WA RIZY, R MRS AR b S AR =
FEROLH . X —ILR TR S @ik FE Cr i R RO M R A O, 46 5+ REERAS 3 — 0 R .

(al) (b1) 2
@) & ®2) [ \\X A
it ‘)\\/ ,<\

RN
! o 71
(a3) (03) [ =% G
Tt
(a4) Y N T
G ,\’_ }‘q‘
a S0 ~Y
1 I L)
(a5) (b5) e

Lo

Figure 6. Phase structure (al)~(a5) and dislocation density (b1)~(b5) distributions of Cu-Cr 10%
alloy under uniaxial tensile stress along the [010] direction at 300 K and 10° s strain rate, with
compressive strains of 10.54%, 11.59%, 13.92%, 18.13%, and 21.68%, respectively

6. Cu-Cr 10%& € 7E 300 K 1 10° s AR TIR[010] 75 [ 82 4 8, #HZEH3(al)~(a5)
FMLISEZE (b1)~(b5) 9 h, EFHERNT R 10.54%, 11.59%. 13.92%. 18.13%F1 21.68%

DOI: 10.12677/ms.2026.167155 58

PR


https://doi.org/10.12677/ms.2026.167155

(b) EEEEE

(d

| y Strain Tensor.YY

olllE TN L [k

Figure 7. Shear strain distribution of yy strain tensor of Cu-Cr 10% alloy under uniaxial tensile stress along
the [010] direction at 300 K and 10° s™* strain rate, with compressive strains of (a)10.54%, (b) 13.92%, (c)
18.13%, and (d) 21.68%, respectively

7. Cu-Cr 10%& € 7£ 300 K # 10° s Rz 3E R & T 3E[010]75 B A REY yy BRI F15376,
EHER T 55 %9(a) 10.54%. (b) 13.92%. (c) 18.13%. (d) 21.68%

5 MAHLE M & ESHER T Cr S EXAR S R ik g i fee YR EM . X T4l Cu, &k
7 10% N AL ORFRAL FCC 4544, Bl Jm IR AR N To P 454, 0 BT S FIr & ) H oG . s Cr & &g
o, WIsGAs T FCC & &K, T atgtbs] Lrt, R Cr -7 RIBENLENABIA T Cu BRI AE I
PE, BIN R A WAL 52 R A T . (R TEMB, & Cr &4 h BCC 451473 B R A 10%~20%
X [] H I BH SRR, 1ff FCC LI FD TR, X —ILRATREVR T Cr JR F/ER T IREN N K A AR Y 5 H
%, JERCE Cr i) BCC ¥ X3 BCC M MR A M PHAFAL A, DTERASM 1 AH AR S AL RS

NidE— L B Cu-Cr & &P TR OS], AR FTIEEL Cu-10 at.% Cr & &AE N ARER, RS
3BT T AR N AR KT AL i A B A S A S5 A AR REE, anfE] 6 PR B AL RS S i R A AT B AR
s LR 1/6 [112]%¢ Shockley A4k, WK 1/2 [112)8 &A%, 256403 1/6 [100]4 Stair-rod
Pk, FHOARE U3 [100]84004,, O ARERIANAIHE . M RARL F] 10.54%I0), & & P FF46 AT 5 T A%
MR . W RS — DN, AreSE B B, MRS K e G K. 4] 6(al)~(ad) R T AL
PR 23 (B A A RRAE o FEARRZBY B, R XS rT R B D BT 4549 MRS %8 13.92% 0, KRN TE
FRATATARXS B S RV T 7 X3 B S, BEE RNARREEI K, TOP IR & LU AR, R R DI E
N FCC 45# . 1IX—AAE - RIE I FER, &SRR AYIEE R LT AR A g, b
JETENJTIREN N A A, ARBLT BV T I ML A

B 7 e 7R AR A R B )R B A ST AR . EJE R AR, SRR E D BB
TEIX 355 Bl AR TA 224 10%, B )7 LA 45° 5 [l A6, 5 KB N )77 18— 80, A5 SRR 8l T ih
BEAE AR AREE, 2% G IR BT DI, RS ESET, KERMAR Y XA I, R TE
AR S K RAF VI Z L, P X S E gk R B SARRES . RIR T
SEMPEACRRIE S WS ) - AR 2R (I S AT N FEVI G, SERIHEZR 1 Cu-Cr & & (e LR 47 T 5
PEGERE — R R A% —~ MR B —~ R 57 12 W BB AL .

T3 750 1A R N AR 26 x 109 sy bk g 0 A Sz W AR (29 1074 s ) s i+ 4R
B XA R N AR ZER AL B 1 A AL B BB R . FERLEE BN 1T IR, N AR ERA R

DOI: 10.12677/ms.2026.167155 59 ey PR


https://doi.org/10.12677/ms.2026.167155

*A

Hb FRAE 1 FAHOE il B 8 5 R34 22 (A Peierls-Nabarro 77 S5 -7 B2 13%) it a], S3hi s A% fia
) 7w A SIS /) o 3K IE R ARG SRAG 46 0] Je IR S 5 Fihr 58 52 (12~16 GPa B 2%)3 iy T SE 30 %
RLHLAH 55 P (G H VBT MPa e 28) (BRI . AEARARHUR 7T, A e (IR 8 R M) 1 A iz i 1
T EPHIAR, (R AR AR eI I AT K DDA ML) (U e 0 5 A AR A2 B0 P AL) R PR FE R RE -

BB, FEAEIRITVEIIERE B, BT FEAE SR BOR A Berendsen #AiA LASEEL PR (K 25 #4040, T #E L
P BLERF 300 K HOMEIR 261, SR, 72 wmnid BT RE b, RSB U0 Py 2 A e ZL R 26 i T
SRR AT IR SR o Ay Had POl A2 3 38 7> BB VE AR R AL AL B R, AT FE — S R FE B3] 17 = 4
BAX BTYL Y R AR o RO I, £ 2 AT RO THSE SRR R, A SN T B R 3 Cu-Cr &
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