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Fig. 1. Cu/Al bilayer films model (The upper blue for cop-

per atoms and the lower red for aluminum atoms).
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Fig. 2. Stress-time curve of Cu/Al bilayer films under cyc-

lic loading.
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Fig. 3. Void I: screenshot of the nucleation evolution of the void (red for aluminum atoms, blue for copper atoms), ¢ is (a) 0.0000;

(b) 0.0528; (c) 0.0531; (d) 0.0534; (e) 0.0537; (f) 0.0540.
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Fig. 4. Void I: screenshot of the atomic structure of nucleation evolution of the void (red for HCP structure, green for FCC struc-
ture, white for OTHER structure), € is (a) 0.0000; (b) 0.0528; (c) 0.0531; (d) 0.0534; (e) 0.0537; (f) 0.0540.
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Fig. 5. ¢ = 0.0510, Void I: screenshot of dislocation analys-
is at the nucleation position of the void (red atoms are HCP
structure atoms, purple represents (110)/6 the stair-rod
dislocation line, green represents (112)/6 the shockley dis-
location line, dark red represents the OTHER structure dis-
location line).
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Fig. 6. ¢ = 0.0528, Void I: screenshot of dislocation analys-
is at the nucleation position of the void (red atoms for HCP
structure atoms, purple represents (110)/6 the stair-rod
dislocation line, green represents (112)/6 the shockley dis-
location line, dark red represents the OTHER structure dis-
location line).
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Fig. 7. ¢ = 0.0537, Void I: screenshot of dislocation analys-

is at the nucleation position of the void (red atoms are HCP
structure atoms, purple represents (110)/6 the stair-rod
dislocation line, green represents (112)/6 the shockley dis-
location line, dark red represents the OTHER structure dis-

location line).
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Fig. 8. Void I: screenshot of the growth evolution of the void (red for aluminum atoms, blue for copper atoms), ¢ is (a) 0.0540;

(b) 0.0600; (c) 0.0750; (d) 0.0900; (e) 0.1050; (f) 0.1206.
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Fig. 9. Void I: screenshot of the atomic structure of the growth evolution of the void (red for the HCP structure, green for the FCC
structure, white for the OTHER structure), € is (a) 0.0540; (b) 0.0600; (c) 0.0750; (d) 0.0900; (e) 0.1050; (f) 0.1206.
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Fig. 10. Atomic concentration distribution of copper and

aluminum atoms in the tensile direction (Z-axis) after diffu-

sion.

B 11 AL T FLIR P A AR (R, AR RMET) « 4510 (2) 0.0906; (b) 0.0606; (c) 0.0306; (d) 0.0006;

(e) —0.0294; (f) —0.0444

Fig. 11. Void I: screenshot of the closure evolution of the void (red for aluminum atoms, blue for copper atoms), ¢ is (a) 0.0906; (b)

0.0606; (c) 0.0306; (d) 0.0006; (c) —0.0294; () —0.0444.
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B 12 LI T LI P A 3 b i BT 25 4 2 A R (41 (A 3% HOP 2549, 2k (6038 FCC 450, H (183 OTHER %5#) € 4351
A (a) 0.0906; (b) 0.0606; (c) 0.0306; (d) 0.0006; (e) —0.0294; (f) —0.0444

Fig. 12. Void I: screenshot of the atomic structure of the closure evolution of the void (red for HCP structure, green for FCC struc-
ture, white for OTHER structure), ¢ is (a) 0.0906; (b) 0.0606; (c) 0.0306; (d) 0.0006; (e) —0.0294; (f) —0.0444.
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Fig. 13. Void II: An analytical diagram of the stair-rod dis-
location formed by the intersection of (111) plane disloca-
tions and (111) plane dislocations at the nucleation posi-

tion of the void (only HCP atoms are shown).
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B 14 LI T AL T A% A B (L R AR R T, 3 AR IEF) e 40128 (a) 0.1050; (b) 0.1155; (c) 0.1158; (d) 0.1161;

(e) 0.1164; (f) 0.1167

Fig. 14. Void II: screenshot of the nucleation evolution of the void (red for aluminum atoms, blue for copper atoms), € is (a) 0.1050;

(b) 0.1155; (c) 0.1158; (d) 0.1161; (e) 0.1164; (f) 0.1167.

B 15 LI I : FLIW B A% 3 Ak 1 SR 7 45 A0 43 A ik A (40 036 HOP 4548, @0 R FCC 450, H & 103E OTHER 45#) « 434l

4 (a) 0.1050; (b) 0.1155; (c) 0.1158; (d) 0.1161; (e) 0.1164; () 0.1167

Fig. 15. Void 1II: screenshot of the atomic structure of the nucleation evolution of the void (red for HCP structure, green for FCC
structure, white for OTHER structure), ¢ is (a) 0.1050; (b) 0.1155; (c) 0.1158; (d) 0.1161; (e) 0.1164; (f) 0.1167.
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F16 LI I LR AR R AL R (A AR B R T, AR EE ) e 405120 (a) 0.1170; (b) 0.1173; (c) 0.1179; (d) 0.1182;
(e) 0.1185; (£) 0.1206

Fig. 16. Void 1II: screenshot of the growth evolution of the void (red for aluminum atoms, blue for copper atoms), € is (a) 0.1170;
(b) 0.1173; (¢) 0.1179; (d) 0.1182; (e) 0.1185; (f) 0.1206.

B17 AL T LA A Ak 19 J 7 8544 23 Fr ik B (20 /036 HCP 254, U3 FCC 4544, F (@ {3 OTHER 4549) e 43 5
9 (a) 0.1170; (b) 0.1173; (c) 0.1179; (d) 0.1182; (e) 0.1185; (£) 0.1206

Fig. 17. Void II: screenshot of the atomic structure of the growth evolution of the void (red for the HCP structure, green for the
FCC structure, white for the OTHER structure), ¢ is (a) 0.1170; (b) 0.1173; (¢) 0.1179; (d) 0.1182; (e) 0.1185; (f) 0.1206.

18 LI I : LR A A 3 AL R A (A0 AR R BB R 5, i AR E ) € 435120 (a) 0.1203; (b) 0.0906; (c) 0.0756; (d) 0.0606;
(e) 0.0456; (f) 0.0306

Fig. 18. Void 1II': screenshot of the closure evolution of the void (red for aluminum atoms, blue for copper atoms), € is (a) 0.1203;
(b) 0.0906; (c) 0.0756; (d) 0.0606; (e) 0.0456; (f) 0.0306.
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E 19

FLIR 02 LR P A 38k 1Y JR 7 45 40 4 M R B (40 6 /R 3% HCP 45, gr (X 36 FOC 457, H @3k OTHER £5#4) ¢ 435l
% (a) 0.1203; (b) 0.0906; (c) 0.0756; (d) 0.0606; (e) 0.0456; (£) 0.0306

Fig. 19. Void II: screenshot of the atomic structure of the closure evolution of the void (red for HCP structure, green for FCC
structure, white for OTHER structure), ¢ is (a) 0.1203; (b) 0.0906; (c) 0.0756; (d) 0.0606; (e) 0.0456; (f) 0.0306.
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Abstract

In this paper, molecular dynamics method is used to simulate the evolution mechanism of void nucleation,
growth and closure of diffusion-welded copper/aluminum bilayer film under cyclic loading condition with a
strain-to-width ratio of R = —1. It is found that under cyclic loading condition, the voids mainly nucleate inside
the aluminum side of the copper/aluminum bilayer film, and two kinds of evolution modes of voids I and II are
found. The void I nucleates at the position of the gap defect produced by the Kirkendall effect when the copper-
aluminum diffuses to form the bilayer film. Under this nucleation mode, after the gap defects have become void,
the void moves into the area where copper atoms are relatively dense inside the OTHER structure on the
aluminum side. When gaps accumulate to form voids, the voids grow at a fixed position. The void II on the
aluminum side nucleates at the position of the gap defect formed by overcoming the stair-rod dislocation and
then remains motionless in the process of nucleation, growth and closure. Comparing with the void I, the stress
corresponding to the nucleation of void II is large, the growth speed of the void II is fast and the size of the void
IT is slightly large in the process of strain loading. The void II closure speed is also faster in the strain unloading
stage. The two kinds of voids have two common characteristics in the process of nucleation, growth and closure.
1) Both kinds of voids nucleate at the position of the gap defect inside OTHER structure on the aluminum side.
2) In the process of voids growth and closure, both kinds of voids have the same shape changes. In the void
growth stage, both kinds of voids first grow along the strain loading direction, then expand in the direction
perpendicular to the strain loading direction, and finally, the shapes of two kinds of voids tend to become
spherical. In the stage of void closure, the two kinds of voids are first compressed into ellipsoidal shape along
the strain loading direction, and then disappear from both ends of the void to the center of the void in the
direction perpendicular to the strain loading direction. In the subsequent cyclic loading process, none of new
voids appears again at the position where the voids disappearred, but the nucleation of voids at other position

of gap defect forms inside the other structure located on the aluminum side.

Keywords: molecular dynamics, Cu/Al film, cyclic load, void
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