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ABSTRACT: This paper aims to quantitatively study the contribution of the interface segregation of nickel atoms to the reduc-
tion of the surface energy between the clusters and the matrix, the promotion of cluster nucleation, and the increase of cluster
number density, in order to deepen the understanding of the evolution of solute clusters in the reactor pressure vessel and the
solute clusters mechanism in the irradiation embrittlement. By considering the interface segregation of nickel atoms in solute
clusters of Fe-Cu-Ni ternary alloy, cluster dynamics method was used to study the influence of the distribution of nickel atoms
in the clusters on the evolution of copper-rich solute clusters. Compared with copper clusters, the free energy of copper-nickel
clusters after adding nickel atoms significantly reduced, and cluster number density significantly increased; as the interface seg-
regation of nickel atoms in the clusters intensifies, the free energy of cluster and the cluster size gradually decreased, and cluster
number density first rose slightly and then dropped. Nickel can promote the nucleation of copper-rich solute clusters and in-
crease cluster number density. Among them, the interface segregation of nickel atoms may have limited contribution to promot-
ing cluster nucleation; during the cluster growth process, the interface segregation of nickel atoms may be inhibit its growth and
reduce the cluster size.
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Fig.1 The distribution of atoms and equivalent solving of free
energy while copper and nickel atoms are completely uni-
formly distributed

122 ZESGER

WATETA, TEME ookl Cu,Ni, o, BT
(47381 53 A Y L LA R B8, sk R LR o A
JrARSE 543 A, APT SE86 HP R FH Proxigram 7k
T 52 £ 20 A PR T AR g el B 3 — 121

S HMEZR, b TEEMENS R, EL L

TR Dl TR FE AT, R TR
Cu,Ni, 7E45 B 247250 ( Core Shell Structure )
FE IR S A AR I BB R gos 2)BRIEF 584
Srfateskset, HAS R TR E: 3)HRWN
SRR 6 A AR ERAZ o ST DA AR, B R
TR ER, WE 2 Ps, BIE g e X
(po=ri/ry) » AMERFH . go=1 W, I A7 4 8
JEFBI SRR A, A PR AL (] ) 58 42 45 50 43 A (115
o Bt XA B2 R AR R B ELA 0k

K2 HlER R A% ST A B — TR X, B A A Y
IR B

Fig.2 Schematic plan view of the distribution of atoms in
unary cluster X,,,, where copper and nickel are distributed in
core-shell structure

X — R T A T R — o R X, 19 B HRE,
T B LB U A B A T ¢ A 22 [R) Y B TR LA
KAEANHR G IR Z B R m . MarEms, 2
Cu-Cu I FI Cu-Ni AR A A1RA o T4 . BR
T ang, HS5HHt, 450 CT, ek
ok TPV A P L R PN B R, BT AR AR
A FEEEAS AR T Bk . L, v LLZ
Cu-Cu FHIFT Cu-Ni F [ (9 2% [ fE X 44~ A% A i fig
BTk, —TC IR X, 10 B B RS R R T35 5]
RAMERFE SRR R A E, i 3a iR,

SR AEERTEER B A HAE , 75 ZURERFEY R N e K
BRI o AARUE AR RN & A28 Ak, FEERRZ TP 78 i
T, RN FEAE MR AR R T, BRI T 4
AATE L SERFEAL AR, BIERAZ AL 5 (1 4 He R 5
BRSCALBARTR] . BRTEH RIS, SERL— oA 0 - T dn &
3b i, ARG R4 A BB -

n'=(n+p)— (10)

_r
1-(1-¢)°
_r
1-(1-¢,)°

¥ on'. pR AR (4) BITIE Cu,Ni, FI#E7E4T i
TR 405 F I 1 R ikt
1.3 HEFHES

AW di FH Wolfram Mathematica #4471 £ 75

p'=



- 60 - KENKRE TR 2022 4F 1 H

b % — TR IR TR R A

a —JCHIRE X,., IRUERTE-5 HAak 8] 55 1 - T s R R
B3 —JCHIRE X, B ERTE 5 SE A ] 5T K S5 28 7R it 20 Af

Fig.3 The interface between spherical shell of unary cluster X,,., and the matrix and atom distribution in equivalent unary cluster:
a) Schematic plan view of the interface between spherical shell of unary cluster X,,., and the matrix; b) Schematic plan view of

atom distribution in equivalent unary cluster

TR 5 B2 R A G RS 408, SR 5 ISR
PR S AR T R i T B = R A B (R A
oS Xt SR A 2 R4 T ] AR AL B K S AT o AR Bl 2
FERY AR A AR SRR e B EE SR
At S AR R A L3R 1,

A SR AR T AR SRR -k R G B
HR RIS SE, 75 EARE P B S R A R T
E o Liu ZEP @ 1 APT AR B 3 JE F7 45 9% = oAbt

U454 Fe-0.5%Cu-0.8%Ni 7E 450 CHN G b &
e s I A 5 I o ) P Y s L EA T T A AT, L
1510 AL RS VB B A 25 S v 5 4k A 5 8
Sy BRSO 25 S R AT He g, LA E LA S EOE
sl i A ot R Es Ran &l 4 s, Hop, sigk
BT AL EE SR, BHUSRE APT Bys8
YR . (AR, B A S S iRl
B TSR B SR AN R B APT SE 80400

x®1 BASEFFNTIESY
Table 1 The main parameters in the model and program
S e HUE HIE
WG E (B aE) Cinitwt 0.5%
PR (REa %) Ninitwt 0.8% S
266 %0 R FE T 723 K
] J5 T o Mey 63.546 g/mol
BT my; 58.693 g/mol
R SR e 55.845 g/mol It B Wikipedia
PiIR%E = HE k 1.38x1072 J/K
S Rea 1.987 Cal/(K-mol)
bee #RR TR Q 1.18x107%° m? i
bee R fAk H AL a 0.287 nm LR SR [28-29)
Ny —4 2
A AR R B Dy 0y mnqnmm b APT IEA L B S
BRI YBR R Doy 1.0x10™* nm?/s
450 "C i £ B 0 T8 A A BIR el 0.026% A SCRR[30]9E 15 1
450 “C IRk RS T ik 2 A PR o 5.8% L Fe-Ni —JCHHE
SR Aot st (] 1 R Miax 225h 27 APT 520 5 HAb S
i . TR R FRAE NoC, NoN 1600, 200 %% APT 20

o A R ) R O By i S e T R Y
K BB B R AR ERIE 4R A
RECEE S APT LI AN Fbgh R anE 4a. 4b fiR,
SEEEE R H SCER[27].

TEVI RN Ty A8, g O 1, AU 4

ARSI BB T 55 50 R A, AT AE
BRIET I ST o PR S ) s B A SRR A KL T 52
BRI 5 PRV R, SR T AR5 BT R A B P s
TEE R A R . 2t — 2% SRR T R B i
MRYEA R 3 T3 A (R TARIR g {H) Ji%E



H9% WU UMD I S AR bR TR Ni T BT XY A Cu R R AL RO BB 61 -
; e ]
g5t & 150 -
g 2
E ool 2 100 |
glﬂ g
g 2
g sl CD model (¢, = 1) 5 50 | CD model (4o =1)
. = APT data § . = APT data
o 2 4 6 & o0 2 4 6 8
H(x10°s) #x10°s)
a I RIRBRIE 45T L R b F#EE BT s R

Kl 4 Fe-0.5%Cu-0.8%Ni H g i ¥ Jot P A% 1 A ) DA e 8 g 2 AU 45 2R 5 = 4 Dt PR S 30 5l o L

Fig.4 Cluster dynamics simulation results of evolution of copper-rich solute clusters in Fe-0.5%Cu-0.8%Ni compared with ex-
perimental data of three-dimensional atom probe: a) is the comparison result of the mean cluster spherical radius; b) is the com-
parison result of the cluster number density

AR A HRE, 285 F AT 3 1 22 BRI 5T B I
F1%) SR TEL v o A 5 0 B R RS 52 ), A0 B HEx

MR . RS R AR

2

2.1

ARG AR ) ph AEARAY , AR RO H B AT e
FEXH LS AR Y F R RERE g0 (E AL HLIFHEFTXT HE
LERANIE 5 B B IREN AN ¢ (BT B AR Y

Z BTt

7% B HRERE o HITEIL

g
o

FHRRE, LN & A AR R s AT A i dE
MIEL S FRal LA Y, AT AR AR A R aE, A

BRIET IR BB AR A R AR AR BEE g0 MY
ZIN, BRDECT B ST DR BTN, LR e BERE— AP A
WRIE AR A8 [ i RE S R I RERYSE R, KT
I Fh B A IR AR T P 8 AR AT 2 T RE O A, I 5
W R g T M 50—, MWITRIE 74

W 5E T A 0 AT 72 1 Pl REASE TR ) A 0 o B T Y
2, B#E A HBETE ¢o=1 I ¢¢=0.6 Z A AR ALAEH /)N,
MZEANHIT 10%.,

I~ = = 36
,é 7.2 '2 5
X 68 X 18F X 321
B 64 P & 16 F 8|
& g oo g 2.8 —
o 6.0 ° — g
g o 3 g
= & 14 e 24r
w 5.6 . &
2 —o— 21Cu-3Ni cluster 2 —o— 83Cu-10Ni cluster B —o— 204Cu-22Ni cluster
é 5.2 — 21Cu cluster 8 1.2 —— 83Cu cluster 2 20 — 204Cu cluster
1 I ! I | 1 1 1 1 1 6 1 1 1 ! 1
02 04 06 08 1.0 02 04 06 08 1.0 02 04 06 08 1.0
b0 b0 0
a CuyNi; and Cuy, b CugNi;o and Cug; ¢ CuygsNiy, and Cuyg,

=

L s Sl

2 B (=]

X X

B BT

8 6 3

8 ——O—~0o—o~0 g o—~0—0

£ g0

B 4r —o— 755Cu-81Ni cluster B —o— 1301Cu-150Ni cluster

A — 755Cu cluster 3 3r — 1301Cu cluster

o 1 1 1 1 1 U 1 1 1 1 1

02 04 06 08 1.0 02 04 06 08 1.0
o $o

d CU755Nig| and CU755 € Cu13o]Ni|50 and Cu|301

Bl s g8 ROT T SRR AR 1 bl BB AR X I A4 5 P 11 Pl BERIE @0 121K

Fig.5 Dependence of the free energy of copper-nickel clusters and corresponding copper clusters with @y in typical sizes
HE— 25X AR R AR B9 1 el BEREAR AR BE , 45

W5 AP R RCE TR S ER L B i BE AR X T4
IR At RERRIRAY LU, ni&l 6a Bz . B MTRE Y

AR, A BRI L BE T [T, 5 Styman S AN
i I SR MR B S5 — . IR AR
(1301, 150)Hi B AR A ], A7 FI by BERFEAR LL B 249



£ 62 - g HE TR

2022 41 A

42%. I Z MR RSE R AT A R A R S

i) N PNV T I Eih /A S Wi e R R A

5 o 21Cu-3Ni cluster
\ —e— 83Cu-10Ni cluster
—A— 204Cu-22Ni cluster
0L « \ 755Cu-81Ni cluster
\,\ —&— 1301Cu-150Ni cluster

45F

N !
L N
30 \\\?kk

A,
i Y “‘\A%A_‘¥A
—o—o—0o—o

Cluster free energy decrease/%
v

151

02 04 06 08 10
$o
a HRBRIIE A t REFEK LB 2SIk

Fe ) 5 A R F Z B R AR rE &, a0
R*IKF) T 0.983, AR AE 6b FrR.

N

S

)

8

8 40

<

&

g 3t

o

E o Model data

24 b Linear fit of model data
o 1 1
0 500 1000 1500

No. of atoms in cluster

b BRI B i R R H ) 5 IR R R Ml

K6 MRS i BRI R AR X T 5 A1 7% A el RE AR LI BE o 119738 1 S AP SRR L 491 45 P e RO Y 2R R 4005
Fig.6 Change of free energy reduction ratio of copper-nickel clusters relative to copper clusters in typical sizes with ¢, and linear
fitting between average reduction ratio of the free energy and cluster size: a) change of free energy reduction ratio of cop-
per-nickel clusters; b) linear fitting between average reduction ratio of the free energy of copper-nickel clusters and cluster size

BB RRAR T AR A BE, WASEE R AT A i
RERIRR A, LR PONBAESER ok I A R4
w, F BRI MHITRES SRR, 20 ORI
THYIATE /N TP A DR R RS i G BT 5 | R ) R T
T AE . LR T (1 ST AT ), o — 2L FRAIR T 13
A HTAE, WARRDRE , FE 20 0 S A R i 473
oA R BT B A RE AR ST A Ll R, O
Xt A% [ rh RE I BRI AR T BE— 28 Jnsik s AR IR 75
BARE T HSEE R T, Cu-Fe $E5 BA IR HEFAE
AT, Cu-Ni 84 HARES 05 /E IR, PR
Frim b e , #8253 Cu-Fe 85 8 Cu-Ni 5 HUL, M
MR T HIFES BRI A R T RE

15 —
$o=1 - 7g=08_______ B
1214 =06 T 40=045
J
of 4

Cu cluster

=)}
T

Cluster number density/(x10%? m™3)
w

(=]

#(x10% s)
a (R AT

22 FEBEENERL

SRy A i A 1) ST O B A 1A i Ak R
W AR RO FE R R, LT AN TR g (T A REEL
25 B BE I R) I AL O, S5 SR AR 7 FoR, B 7a
FRAA S AR AR TR TH O, 7E go=1 E] ¢0=0.45
ZIR], e R AT 5 R P AR 2 v T A AT ) U B
T HA AE Y BB P9 A - T A B AT (R A .
1, Y go N go=1 (SERIE)5 A ) BT, IR
TR AT AR B T, AREECR A /R T
FFTE ¢0=0.6 BT iR BN RIE . [HAHEL go=1 B Y A1 755
B, $0=0.6 B[ AIFEECR BEAUER = T 4%, X 51
% A FHBEAE X — X ] F FEAS AT 10% 025 8- —5

|E 10 L
8
S g | Cu cluster
< $=0.4
2
2 6r
'g P
g -
S 4+ T
g ¢,=0.35
. =02
£ $=0.
é L ¢0 = 03 L
0 L . ,
0 2 4 6 3
t/(x10° s)
b METEAETE

P 7 A [ o B D A0 Tt A 19 20 AT 7 0 B 114 3 A

Fig.7 Evolution of cluster number density with different degrees of nickel atom interface segregation: a) is the case of promoting

nucleation; b) is the case of inhibiting nucleation
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