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Abstract: Cu-Fe-P alloy is widely used in the fields of electronics, electrical and energy due to its excellent conductivity, strength and
corrosion resistance. To reveal the influence of Fe, P, and microalloying elements on the structural stability and mechanical properties
of precipitates in Cu-Fe-P alloys, first principles calculations were used to systematically analyze the stability of Fe.P and FesP
precipitates in Cu-Fe-P alloys, as well as the influence of seven microalloying elements, Ti, Zn, Ag, B, Mg, Sn and Zr, on the stability
and elastic properties of Fe-P and FesP precipitates. The results indicate that the formation enthalpy of FezP is -0.46 eV/atom, which is
lower than the -0.30 eV/atom of FesP, demonstrating better thermodynamic stability. The doping of microalloying element Ti at Fe
sites significantly reduces the enthalpy of formation (-3.85 eV//atom) and causes lattice expansion. After doping, the bulk modulus
increased (reaching 193 GPa in the Fe.P-Ti system), but weakened the Fe-P covalent bonding, resulting in a decrease in shear modulus
and hardness. The doping of Ag and B can effectively improve the cutting performance of materials, and the research results provide a
theoretical basis for the microstructure control and performance optimization of Cu-Fe-P alloys.
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Cu-Fe-P & HA RIFHI T HMEMGERL, WHIEHEE MBS SEHLUR 7 REEIFAT B, KIgIR T 7
A TR RO, R R 1 os. (o8 —3 . Bk, S PEEEHROE LS B B B AL,
B th AR & e, HLAEI RGL R4 FesP BY FeoP 54L BEMS LI 1 RO HER TR R i 2 . TERkRE T
T, WHEEEM S aE R, AeARIZEE SNSRI, MRS SRR CR M FPLEIR M T
SILI—FE TR 16 Cu-Fe-P A& NalscE i A e TR, dnask, S rkEm TR A
BAEICEK, W CLENTHARIEI RF B, I @&, Liu SENE st E RN T Vv Sk
PG S S AT, W0 Cui 2PN Ni A1 FeoTi Laves ARG YE, (bR SOTEATILIER, A
Fe J7 (1 A 41 P R A B2 20 B4R/ FeaP AH, T4 I 3L Cu-Ti-Fe-V £4x: Wang S5V R4E 35—k 5 2E
RO T T Cu-Ni-Fe-P & &8 MERE: Wang %1% TN, Zr 78 Cu & & IR RGE R ZeCusTiet,
BUE Cu-Ni-Si & hilsin Cr ok, LMt CrsSi #7 i AT LA AR RN SR S SRR, AT R 2R i
MR BRI AELENT H, AT ARG, B S Sk T3 RBANRE S8R 1 CuCr ARTER BAIILL fec
e AR S SR AT, KRB EWEIHOBSEIE T a5KbTH, BE Cr S ETHEAANRSE M bee 45t JEILFE
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M, AHHATERXS Cu-Fe-P REEH RS SITEFN FesP 5L
FeP BT AHEZMA 5 — VR AT A, AHOCER b 5
SIRIOUE ATy e ASCE TR RS, SRS MR
T FeoP FesP [ARALER . AR ESEkRE, IRA
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AT BN Cu-Fe-P A& AL Fe,P (NTT4hH, =8
[H#E P-62m) 5 FesP (WU 5y, AXmIFE 14) PR hA.
HE 1 (@) AEH: FeP St Fe JE-1 HHREMZRIMALH)
Wyckoff {78, 43HIfiT 3fF F1 3g dfz, 1 P R4 T 2¢
Fiib 7 E; HE L (b) AIEH: FeP 1 Fe 5 P JE T
FesP BULEMI AT, TERK Fe-P JLMMEEMIZE . NI FIA 41k
TLEATARASE MRS F1eE YRR IR, 7E Fe 8k P JE AL E -5
FHT SR THUR, HIE Fe,P-X & FesP-X (X=Ag- Ti. Zn.
B. Mg. Sn. Zr) B, BB ATE VD S Ak
g, HE RS TUTRAL LA R R E%Jﬁ¥xﬁ4ﬁzﬁﬁz
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1 (a)Fe,P #0 (b) FesP é*ffﬁjffﬁi-ﬂ

2.2 WEFE*

Jiif i ¥I1E Vienna Ab-initio Simulation Package
(VASP) - & L 3EAT, SR T 9% B2 sk #18 (DFT)
MR — PR JE T MESE . -5 A AR A I B 4
TP (PAW) J7TVERGR, A H-HHOCRER A B B
il (GGA) T I[#) Perdew-Burke-Ernzerhof (PBE) 2 i .
JERAF AT SE USSR EE R, P Tk T e 1€ 4 500 eV
A LI X AR 4> 3% FH Monkhorst—Pack 77242 % k APk,
Fe,P 55 FesP 7R R 437K A 121215 1 65611 1) K f.4)
o RERUCSIPRAEBEE N 1.0<10° eViatom, J5 132 17Uk
KA A 0.01 eVIA, URIELE M 5 st R B e e i AL .

TERe (AHD TR T =

AH = Etotal(FexPy) - xE(Fe) - yE(P) D

Hrr, Etotal (FexPy) ALEWILAERE; E (Fe) 5

ECP)Z3 Al A 52T Fe HIEAZ & & P IR LT RE &
AH AR, R R AR T .
30

PRI A 2 S T 2R & R A,

Xof ot T Je B ST A 4 R i s R N R AR vk
(finite strain method) TH5 . Xt ¥ J5 #7187 25 #4 e in
050 1A RNAR, FHHE R ke, Eid LA
M7 - RAR KR K15 ST B R B . B R R
Voigt-Reuss-Hill (VRH) 575K ABE (B). 851)
i (G) 5K E (E). AT RE=-HRBHHEE
Birch-Murnaghan =[R2 77 FE4UL& SR P 4 fn A& 4 5
I EZH, NifiiRiR e E R/ MUY B &M DL Bt
HSH 5 A S IR, ATRIE T4 AR &
RS Fa RN RA Bk E ST EE M.
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3.1 Fe:P 5 FesP BIRIKEM S HIEE

FIFHEE— MR EH5 T Fe,P FH FesP Bﬁ*ﬁtﬂ*ﬁ ) #ta
SEPERIGRAIE A, HOE A T A St R KA BAE X
PIARTERERISEM: 2 1 B T Fe,P Al FesP ks 1 L.
(N VS S0 il

£ 1 FeP fll Fe:P BEEHEMIE M

System ad) | cA | V&) | Av(%) |AE(eV/atom)
Fe,P 5.80 343 100.1 - -0.46
Fe P 578 | 339 | 983 - -0.42
Fe-site | 5.81 3.53 108.9 8.1 -1.3
Fe.P-Ag
P-site 6.13 3.55 1155 133 1.32
| Fe-site | 5.95 343 107.5 6.9 -3.85
Fe,P-Ti
P-site | 5.795 3.72 108.3 7.6 -1.16
Fe-site | 5.83 3.45 103.1 2.9 -2.11
Fe,P-Zn
P-site 5.94 3.52 107.6 7.0 -0.55
Fe-site | 5.65 3.44 93.6 -6.9 -0.88
Fe,P-B
P-site 5.43 351 97.5 -2.7 0.23
Fe-site | 5.90 3.44 106.1 5.7 -0.25
Fe,P-Mg
P-site 5.91 3.55 112.3 10.9 0.30
Fe-site | 5.74 351 115.1 13.0 -0.28
Fe,P-Sn
P-site 5.53 3.26 120.1 16.7 -0.11
Fe-site | 5.65 3.58 112.4 10.9 -0.44
Fe,P-Zr
P-site 5.89 3.78 123.7 19.1 -0.23
FesP 8.89 4.42 349.4 - -0.30
FesP™™ 910 | 439 | 3634 - -0.35
Fe-site | 9.11 4.44 367.5 49 -0.22
FesP-Ag
P-site 9.05 4.47 372.3 6.2 -0.16
Fe-site | 8.96 4.47 360.7 3.1 -0.27
FesP-Ti
P-site 8.98 4.43 362.3 3.6 -0.16
Fe-site | 9.06 4.44 362.1 35 -0.26
FesP-Zn
P-site 9.05 4.43 364.7 4.2 -0.22
Fe-site | 9.08 4.40 354.0 13 -0.43
FesP-B
P-site 9.08 4.41 356.1 19 -0.37
FesP-Mg| Fe-site | 9.05 4.44 364.6 4.2 -0.03
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System ad) | cA) | V&) | Av(%) |AE(eV/atom)
P-site | 9.04 | 447 | 367.2 48 0.23
Fe-site | 9.04 | 4.49 | 370.2 5.6 -0.18
FesP-Sn
P-site | 9.04 | 452 | 378.8 7.8 0.10
Fe-site | 8.98 | 4.49 | 368.9 5.3 -0.28
FesP-Zr
P-site | 9.01 | 4.47 | 370.3 5.6 -0.12
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i (4 10%~15%). L4, Fe £ 5@ s [RALE
e PR EARE s TP A SIS AT BE ST FL T 45 AN
VL, (EFRcke BT difafaett R, #lin, Ti 7E Fe
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eViatom. LTI, Fe MR FI Tk RAER K. @
R E RN, A ST WA T SR Fe,P F1 FegP
W Fe JEF IO A5, %A R 51T R A S R AR FE T /)
K2 B8R T Fe,P 5 FesP M HMA SR R AR
B. BIVIE G. M ICHE E. 4EICEERE HV & UIHIn T
FEE pm CE SN BICW . &R ER, A S uREAg
e TR FRAR T BI D) RS SR . DL Fe,P-Ti Nl
H B {HHRIAH) 180GPa F+ % 193GPa, 1fi G {EM 92GPa
% 84GPa, il B AHM PR, REATIIN T3 . FesP
P R FEH AL, (AR B35, ULRH FeP 45H4
MICERBRBERUR, T BRERT, AgE B ILEMN
TN S T UIE I TR, o um EH#H 2, BoR
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Z AR B 2 1) B 7 AR I () LA i o S TR e LT
EEEY . BRE, WA ShouR SRR R0 e % E
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