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Effect of alloying element nickel on structural stability of
FCC Fe-Cu precipitates studied by first-principles calculations

WEN Yu-feng, SUN Jian

(School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: The first-principles method based on projector augmented wave pseudo-potential and generalized gradient
approximation was employed to calculate the ground state properties, elastic constants and electronic structures of FCC
structured Fe-25Cu, Fe-31.25Cu, Fe-3.125Ni-25Cu and Fe-3.125Ni-31.25Cu random solid solutions. The cells of the
random solid solutions were established based on the special quasirandom structure (SQS) models. The calculated results
show that nonmagnetic and ferromagnetic states exist in FCC Fe-Ni-Cu random solid solutions, and Fe-Cu and Fe-Ni-Cu
random solid solutions in the ferromagnetic state have lower energy. The ferromagnetic Fe-25Cu and Fe-3.125Ni-25Cu
random solid solutions do not satisfy Born criterion of elastic stability, whereas the Fe-31.25Cu and Fe-3.125Ni-31.25Cu
random solid solutions satisfy Born criterion of elastic stability and can exist as a metastable phase. The addition of
alloying element of nickel can significantly improve the structural stability of FCC Fe-31.25Cu random solid solution.
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Fig. 1 Special quasirandom structure models of FCC structured Fe-3.125Ni-25Cu (a) and Fe-3.125Ni-31.25Cu (b) random alloys
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Table 1 Lattice constant (aq), heat of formation (£, bulk modulus (B,) and magnetic moment (M) of FCC structured Fe-Cu and

Fe-Ni-Cu random solid solutions

Alloy ayA EY(kJ-atom ) By/GPa MJ(107T " -atom )
Fe-25Cu 3.6217 14.21 155.84 17.53
Fe-3.125Ni-25Cu 3.6178 13.15 156.55 17.01
Fe-31.25Cu 3.6207 15.15 156.81 16.08
Fe-3.125Ni -31.25Cu 3.6163 13.71 157.44 15.45
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Fig. 2 Relationship between total energy (Ei) and lattice constant (a) of FCC structured Fe-Cu and Fe-Ni-Cu random solid
solutions: (a) Fe-25Cu; (b) Fe-31.25Cu; (c) Fe-3.125Ni-25Cu; (d) Fe-3.125Ni-31.25Cu
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Table 2 Elastic constants of ferromagnetic FCC Fe-Cu and

Fe-Ni-Cu random solid solutions

Alloy C\/GPa C/GPa C4/GPa C'/GPa
Fe-25Cu 141.88 162.82  60.66 —10.47
Fe-3.125Ni-25Cu  146.75 161.45  69.11 -7.35
Fe-31.25Cu 160.69 154.87  57.98 291
Fe-3.125Ni-31.25Cu 183.50 14441 68.83 19.55
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Fig. 3 Total density of states (TDOS) of ferromagnetic FCC
structured Fe-31.25Cu and Fe-3.125Ni-31.25Cu random solid

solutions
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Fig. 4 Total density of states (TDOS) of ferromagnetic FCC
structured Fe-3.125Ni-25Cu and Fe-3.125Ni-31.25Cu random

solid solutions

AR SCARE T IE T By O R DL K H S R R B A
S5, Fe-Ni-Cu JoJ7 ¥R Cu & 534 in LA
M40 E Ni I INAEAFEIEATE FCC 454 Fe-Ni-Cu
TC T R Sl R RS Pk g 1, Xk ERS LA
BT T Cu ML= RN TR A 80 3 Ni IAEE AR T4k
FRET S Cu MHBINTH, DURIN 3505 1 FCC 458411
B Cu M HAH B A B A T 1 11 Ni e 355 50

3 Zig

1) REAIHTRE] FCC 4544 Fe-Cu fl Fe-Ni-Cu G
J7 [ AR AT AE TC G S R P RR S, Pk
Fe-Cu A1 Fe-Ni-Cu Jo 7> [#l % 44 BE B AH AR AR .

2) YkMhiTE FCC 4544 Fe-25Cu Fll Fe-3.125Ni-25Cu
T e i 5 Ak R Gl L Born BRPE B E PEE ), T
Fe-31.25Cu 1 Fe-3.125Ni-31.25Cu J& J7 [ ¥ 44 2
Born #PERSEEREN], TTLLO ARSI XA

3) Cu (N nr LA @ kit FCC 4544
Fe-Cu #l Fe-Ni-Cu J& 7 [l R g it v, G40
# Ni I AR MEYE FCC 4514 Fe-31.25Cu
TCFP I AR I G Ae B e Ttk — 20 W 2

REFERENCES

[1] ZHANG Z W, LIU C T, WANG X L, MILLER M K, MA D,



5523 5 10

R, % AEITREN FCC Fe-Cu #THAR S M FR @ P 5% 1l

2845

CHEN G, WILLIAMS J R, CHIN B A. Effects of proton
irradiation on nanocluster precipitation in ferritic steel containing
fcc alloying additions[J]. 2012, 60(6/7):
3034-3046.

REN L, ZHU J M, NAN L, YANG K. Differential scanning

Acta Materialia,

calorimetry analysis on Cu precipitation in a high Cu austenitic
stainless steel[J]. Materials and Design, 2011, 32(7): 3980—3985.
CHICY, YUH G DONGJ X, XIE X S, CUI ZQ, CHEN X F,
LIN F S. Strengthening effect of Cu-rich phase precipitation in
18Cr9Ni3CuNbN steel[J].

Metallurgica Sinica: English Letters, 2011, 24(2): 141-147.
KOBAYASHI S, TAKEDA T, NAKAI K, HAMADA J 1,
KANNO N, SAKAMOTO T. Effect of Nb addition on Cu

austenitic  heat-resisting Acta

precipitation in ferritic stainless steel[J]. ISIJ International, 2011,
51(4): 657-662.

GONG H R, KONG L T, LIU B X. Structural stability and
magnetic properties of metastable Fe-Cu alloys studied by ab
initio calculations and molecular dynamics simulations[J].
Physical Review B, 2004, 69(5): 054203—054210.

LIU J Z, van de WALLE A, GHOSH G, ASTA M. Structural,
energetic, and mechanical stability of Fe-Cu bcc alloys from
first-principles calculations[J]. Physical Review B, 2005, 72(14):
144109-144123.

W, B, 3 . B THREIRMERENLAT AL FCC
Fe-Cu Jo& [ A4 & S sk A e PE]. vh A (i @ 22 4,
2012, 22(9): 2522-2528.

WEN Yu-feng, SUN Jian, HUANG lJian. Elastic stability of
face-centered cubic Fe-Cu random alloys based on special
quasirandom structure[J]. The Chinese Journal of Nonferrous
Metals, 2012, 22(9): 2522-2528.

OB, gk s, BAERI, BT B Fe-Cu-Ni & 5 Hh Hi T
AT A REmI]. AMERATF4AR, 2012, 24(1): 54-58.

CAO Yue, ZHANG Chi, YANG Zhi-gang, XIA Zhi-xin.
Influence of Ni on Cu precipitation in Fe-Cu-Ni alloy[J]. Journal
of Iron and Steel Research, 2012, 24(1): 54-58.

JFGE, BB, R, XK, O, RRER, &R
FE . Nisx RPV RN s Cu Jgt 1 BN tH S R[], o

[11]

[13]

[14]

[15]

[16]

[17]

[E AR, 2011, 30(5): 1-6.

ZHOU Bang-xin, WANG Jun-an, LIU Qing-dong, LIU
Wen-qing, WANG Wei, LIN Min-dong, XU Gang, CHU Da-feng.
Effect of nickel alloying element on the precipitation of Cu-rich
clusters in RPV model steel[J]. Materials China, 2011, 30(5):
1-6.

KIBWH, £ i, AR, XISCR, %, FIRE. =4
J T BRI 9T B o0 2R RN T e S R AT (0],
HERZE2EAR: ASREIERR, 2008, 14(5): 525-530.

ZHU Juan-juan, WANG Wei, LIN Min-dong, LIU Wen-qing,
WANG Jun-an, ZHOU Bang-xin. 3D atomic probe
characterization of precipitation of Cu-rich clusters in pressure
vessel model steel[J]. Journal of Shanghai University: Natural
Science, 2008, 14(5): 525-530.

KRESSE G, FURTHMULLER J. Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set[J].
Physical Review B, 1996, 54(16): 11169—11186.

KRESSE G, JOUBERT D. From ultrasoft pseudopotentials to the
projector augmented-wave method[J]. Physical Review B, 1999,
59(3): 1758-1775.

BLOCHL P E. Projector augmented-wave method[J]. Physical
Review B, 1994, 50(24): 17953—17979.

PERDEW J P, CHEVARY J A, VOSKO S H, JACKSON K A,
PEDERSON M R, SINGH D J, FIOLHAIS C. Atoms, molecules,
solids, and surfaces: Application of the generalized gradient
approximation for exchange and correlation[J]. Physical Review
B, 1992, 46(11): 6671-6687.

von PEZOLD J, DICK A, FRIAK M, NEUGEBAUER J.
Generation and performance of special quasirandom structures
for studying the elastic properties of random alloys: Application
to Al-Ti[J]. Physical Review B, 2010, 81(9): 094203—094209.
MONKHORST H J, PACK J D. Special points for Brillouin-
zone integrations[J]. Physical Review B, 1976, 13(12):
5188-5192.

BORN M, HUANG K. Dynamical theory of crystal lattices[M].
Oxford: Clarendon Press, 1954: 141.

(RiE FRITE)



