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Fig. 1. Nanoindentation model.
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Table 1. Morse potential parameters.

C-Ni C-Ti
D/eV 1.0094 0.087
a/A1 1.9875 1.7
ro/A 2.56 2.2
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Table 2. Three-dimensional size of samples.

Sample Interface L,/A Ly/A L,/A
a Coherent 310.199 280.008 148.3
b Coherent twin 310.199 280.008 148.3
c Semi-coherent 310.392 281.257 148.3

d Semi-coherent twin 310.392 281.257 148.3

(2) (b) (c) (d)

K2 X-Z FPusieemBs  (a) S S0H; (b) Jerg 22
T (c) PIEAE T, (d) PR (B =2
N Culz, B DUE NI, MR A g 3% St i)

Fig. 2. Sample morphology of X-Z plane: (a) Coher-
ent interface; (b) coherent twinning interface; (c) semi-
coherent interface; (d) semi-coherent twinning inter-
face (the first and third layers are Cu layers, the second
and fourth layers are Ni layers, and the semi-coherent

interface is in the ellipse).
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Fig. 3. Hardness of samples, Cu and Ni.

3.1 HEFHE. XBRERF@MCu/NiZE

FRBYTZZE R

Bl 4 (a) R IR AR A, 5 a FIRE & b R IR
WP PS T EEEMIRR, B4 (b)RR
0.5—3.0 nm IR, 1 H 5 T RIREE b HIK R,
B R AT DA B, 2 ST 56 28K A R P (1) 52 M AR
K. FEfha, bTEBRIWII, HIR i 28 A E A
FEAE ) B AR S SRR . TR R RIS AR A
RIS B, BT T S5 R BN [, AN D 08 5 1 7
5 R TR = A AN R AR R, AR 5 b 3 th 4k 5
T 55 Y 28 B ARG A i a, 3R AR LT AP
BALTEH.

SIMTRE i a R IR IR, S T 98 A St i
PIEALVE R, B 4 (b) HEIRIRE a = 1.26 nm,

,,,,,,,,,,,,,,,,,,

Force/nN

1 Sample a
2 Sample b

1 1 1 n
1.0 1.5
Depth/nm

n 1 n 1 n
0 0.5

K 4

Hardness/GPa

b =151 nm, ¢ = 1.71 nm, d = 1.85 nm V§/NEf
20 JE 7 SR BEAT 23 M, a5 B, i T AR AR
[ ERA AR, 0l mT AL B b B S, SR
A&, RR N amt, B4 T KER A
(RN L) HE k55— = 5, Wil 5 (a)
Fros. RN DI, TE AT T A B 70 A s,
K5 (b) H R 26 15 N B s, IV 05 1) 19 3, i
FEdmafEa—Db B B A (W B 4 (b)), KA, Fu
25 LR RS Cu/Ni 2 BRI IYK ORI B2 1 T A
A fec ik E @ AL RIS R = A 1P 47 T ST Y
SIALEE T AEROR AL, IR A b—c B, B E T 2k
BT, FER R T A RN . T
c—d I AR WS B R 2 B P9 P AT T S
o kRN E, FEURE M a fEILPY BRI A B4k
TER. 2 BTk, R iR b L as ST Cu/Ni %2
JE B ACAE F 32 SR AE IR IR = AR P47
TN AL S I A TG 5 3 3

TE 43 AT 22 FL T 6 Cu/Ni % 2 15 ) % 1
RE M2 B B 4 (b) R R IR E AN A =
0.75 nm, B =1.48 nm, C = 1.80 nm, D = 2.25 nm,
E = 2.53 nm, F = 2.80 nm %5 i 26} B ) J7 7 45
FIEAT 408, N RIRBEAE A RULATT, WAEA &
BRALL T HFANMKAEB = 1/6[112] 1
Shockely 73 fr 5 5 28 STV AEAEFT . Bl Sk ) 4%
2N, - OERAE S ZE AR, SRR AR A S A B
YER, 1E28 5 S B R 5 HE Shockely 7332 58 375
ARG BRSNS BT AL AR ST
) NIEAE, MR, TNl 6 (a) BT, JRIERAE B
R TRAR H IR 2 5 A8 il 2130 ] FREAEC PRI B

22 ‘
b i d 1 Sample a
20 ; 2 Sample b |
18F
16
14} Al B ¢! b B F A
12
1 1 I 1 H i
0.5 1.0 1.5 2.0 2.5 3.0
Depth/nm

(a) FEdh a, b FIEAT P-h X5, (b) B H 5% h BHHRAR

Fig. 4. (a) Load P-h relationship of samples a and b; (b) relationship between hardness and depth.
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K5 il a RREFRMEER  (a) 1.26 nm; (b) 1.51 nm; (c) 1.71 nm; (d) 1.85 nm

Fig. 5. Microstructure of sample a with different depths: (a) 1.26 nm; (b) 1.51 nm; (c) 1.71 nm; (d) 1.85 nm.
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Fig. 6. Microstructures of sample b with different depths: (a) 0.75 nm; (b) 1.48 nm; (c) 1.80 nm; (d) 2.25 nm;

(e) 2.53 nm; (f) 2.80 nm.
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Fig. 7. Misfit dislocation network structure: (a) Semi-

coherent interface; (b) semi-coherent twin interface.
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Fig. 8. (a) Load P-h relationship of samples ¢ and d;
(b) relationship between hardness and depth.
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WA, RN BB, A4 5 58— 2 Jhak 2 i
G, R RIS R AW, WD, ER R —
J2 24 A A i ST 1 SR A B X TT L S (a), B I
Z 3 2R 5 P T A 26 I B 2 T DI %1, 78 M R
A B A — 0 43 SR IO AL D = A IR T, e fid
Gy WA R 8 0 AT S BO Y BB B Rk, E—F
Bey, BARES — 2. 58 )2 2 ke 2 i LT (0 BR
YER LI s, SR 5E — 228 4 Sl A R &L
o ROLH AR H, 4 oh R I N PALIEH,
K10 (f) Fras. XTI 10 (g) 5B 10(h), 25
5 T LA A 5 T BT B A 8 I K BR
YEH, SRULM BRI SRIL. 25 b, AR 53k
A5 S — B, R BRI _B A S A A
AR A3 TE T B 4 AR S . TR
FH 3 B A 5 ST A 1) 5 A A 5 R T A 1)
HHEL AR AR F DA B ks 2 o T A 6 1 BR
TEH.

Xt LE o AT AR e, d R it 28, FF A d A3
i 2 FRE FE ih 2 Ak AR TRE R e, BE— DR T
A8 g SR A5 R0 Cu/Ni 2 2 I B A §5UE . (TR
NP, AnEEl 8 (b) BASS X I B d B T
B ¢ B RCH B B, 72 AR 3 — I 5 3 R A
o Ry 2 o ST (A BR 1 P DA B 2 gt Db
() 5 TEALHE 5 SR C A I AH LA 5 30

B9 FEdh e ARERMMEEM () 0.73 nm; (b) 1.11 nm; (c) 1.29 nm; (d) 2.44 nm
Fig. 9. Microstructures of sample ¢ with different depths: (a) 0.73 nm; (b) 1.11 nm; (¢) 1.29 nm; (d) 2.44 nm.
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10 FEfh e NRIERIIBSEH  (a) 0.72 nm; (b) 0.82 nm; (c) 0.98 nm; (d) 1.35 nm; (e) 1.93 nm; (f) 2.31 nm;

(g) 2.59 nm; (h) 2.74 nm

Fig. 10. Microstructure of sample ¢ with different depths: (a) 0.72 nm; (b) 0.82 nm; (c) 0.98 nm; (d) 1.35 nm;

(e) 1.93 nm; (f) 2.31 nm; (g) 2.59 nm; (h) 2.74 nm.

Fu 28 U552 7 o 2 5t 5T () 50 34 7 AR
BLEE, SCHR [16, 29] S48 1 R ECET I B s AU LB, 76
WEFER b AR SO — 2D o SR R O S I 1) 5 AR
POALE. P11 20 B g5 H T 2 o ST R s ST
PIEAR AR, R R R, w11 (3) B,
FEAE R A A A S A AR R AR AR, AT B
ST AL BRI, i Cu/Ni 2 213K
b, 5 IR, 28 ST 2 R E A7 45 7E 2 A
230, X Cu/Ni Z Z A SRIAER. 3R
AR T ILAE 2R G I, FHI B B R BE A 4 R
SERINIEE LR, (EIER R, k11 (d) FoR, 23t
% A5 i G THT A R 2R O A AT LA F AR 7E 2 TR
FGZ8 AL R RS, X Cu/Ni 22 2 I8 — 52 Ko

GA(ED

LR ERIH, PRSI AR 2 BB Cu/Ni Z )R
R SR Ak, (EL T T S5 A AN TR, AL PR T S AL )
NI, H R T R

H= HO + Hharden - Hsoften; (6)

K Hyarden RN, Hoofren 27 FALHLH,
Ho Fm AR BB m s L] o501 SRl L
HIL R I SE S, AL AU, AR A1
PR B SR A AE . BRAG B T B~ AT T
Fr T B > B DL K2R i ST IE RS s S fE AT 57
T X7 8 8 B 1 DA B O B S ) 5 2 it 7 T
(IEAZ T B ) 5 T B AR AR .
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Twinning interface slip
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11 oM ZE R IR ZE 8 Cu/Ni 22 )2 IR A AR L

Fig. 11. The ideal deformation mechanism of coherent twinning and semi-coherent twinning Cu/Ni multilayers.

4 % #®
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Wa R BRI

1) DY b A [ 5 1 2544 1) Cu/Ni 28 JZ AR AN
[, LA I T 5400 Y A R B AR K T~ A% F i,
TSR S, U ) B R 2 (AR S A R A
PR FH G 55

2) X A% S, AR R AR T AR
AT TSR A S FL G B S B T 3R A
TR A A P 2 52 SR E A DR 0 122 X AR 45 4 T /T
AL HE R HOR, SRR A 5% oA 4 R 1) BEL A
TEH;

3) X T AR S A AR AR B S,
BACHUEEAR R, A0S o2 i e A2 B 3 8 3t
A% 2P & ST 98 A A U BR324 8 5 T BIR € 7T 30
P A LR T N BB 5 s 2R i SRR ),
SR T I 9 A 1 P 2 B 2R S 7 AR I 5
(A= S PN R p e A (S E Y A& S i o
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4) A 2R ff T AT AR 2R i S i, R
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Abstract

The mechanical properties of metal multilayers change significantly when the modulation period decreases to a
nanoscale. As is well known, the lattice misfit between Ni and Cu is ~2.7%, it means that the coherent and semi-
coherent interfaces can form between the Ni and Cu atomic layer. Hetero-twin interface Cu/Ni multilayer film with
a modulation period of several nanometers and grown along the [111] direction is realized experimentally, and the
mechanical properties change significantly due to the effect of interfaces. In this study, molecular dynamics simulations on
Cu/Ni multilayers with coherent, coherent twin, semi-coherent, and semi-coherent twin interfaces under nanoindentation
are carried out to study the deformation evolutions of different interfaces and the interactions between dislocation and
interfaces. Furthermore, the influence of Cu/Ni interface on the mechanical property is investigated. The simulation
results show that the different interface structures exhibit different strengthening and/or softening mechanisms at different
indentation depths. The hardness values of the Cu/Ni multilayer films with four different interface structures are different,
and the hardness of the coherent interface is larger than the semi-coherent interface’s. The hardness values of the four
interface structures reside between the pure Cu and pure Ni. For the coherent twin interface, with the increase of
the modulation ratio, the strengthening effect of the twin interface is enhanced. The softening effect for the coherent
interface is mainly attributed to the generation of parallel dislocations and their proliferation. While for the semi-coherent
interface, the mismatched networks are formed at the Cu/Ni interfaces, the softening effect on the movable dislocation
is mainly the repulsion of the mismatched network, while the strengthening effect on the movable dislocation is the
hindrance of the mismatched dislocation network. The strengthening of the coherent twin interface is attributed to the
limited effect of twin interface on the movable dislocation within the monolayer. Unlike the coherent twin interface,
the strengthening effect of the semi-coherent twin interface is mainly due to the mutual repulsion between the arched
dislocation, which is generated within the twin interface, and the mismatched network. Furthermore, the pinning effect
of misfit dislocation network will impede the migration of twin interfaces and will also enhance the mechanical property

of Cu/Ni multilayer film.
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