52 % 511
2023 4 1A

wBEERMISIRE

RARE METAL MATERIALS AND ENGINEERING

Vol.52, No.11
November 2023

DOI: 10.12442/j.issn.1002-185X.20220830

% f=iAR R R RS E SR I F I RE A IR REFF I

REA, TEE
(FHERMKY 2R3 5 TREYkR, KE 300300)

O RAMAILEKREME G SN & LRI 6 f 2 ZIONGH . @il o 7L A AR R AR TR
TR E T S 2 RIS J2 5 0 445 ) A 5 A5 I 406 0 2 Pk RE AR RERF AR (R S M WL o 5 SRR e R AR i 8 9 585 )22 ) 2 7
WSS Z B2, D> T B R AR i T AN ZE i 300 2 82 FD AR T . B 1 3 LR P S, {45 1 H
AR PN A P AR A BALARFRI RE R DL SN BOR A s R B 3N 3 BT R R AR A R AR TR Y
KRB IE I, AT A 7R, BUES MmN R OGO R, RN RR T RERS 2SR
B ALEREE, TSN VB RR AT, FEECEMAE K, PR . T 6 R A A AR RE S, B AR
AL IR BE R BEAR . 5 HAMAE AR B, =R R Je 2 MR A di e O T 1 e 2 AN RE A E

KRB MRS MRS 1A TERE RREdEE

hEESKS: TB383 XHERFRIRTE: A

XEHS: 1002-185X(2023)11-3818-07

HEREEFN TR B JlE g ae 1 e,
FERLA MR P4 MO E B gl iz 8, e
B MAE T B R B W S, KB NURERE2
AR JE b e 22 B SR H a5 B . VR A & T
HR A BRI IR B8 I S S AR K TR R 2 R
WM, B BN o R A T R JE v RE
R e,

FH T % G0 1 B 2 W AR R e R 25 8 7 e N B — | R
HRBCGRRA R, A28 5T RSB ERTI 2 28
VRIS TFIE T RS - Shunmugasamy 250K 3 FpAS[H]
AET 25 FE AR R SRR R, e 18 BERA R o
=R MR R S g R T e R A R 4R A AT Rt AT
TR, KNEE NS EERRAELY, Hil
P 0 2 4 B P I M U AR T o i K L R [ A
X 2 P (R R R 8 2 o SR THRG H F EL A E % T 5
Fh = E B IR RS, BRI T R A RN G A T
JEAEPERE . AT I OB AN R 4R RE 52, RIS i
SERIIT IR R B JE e 55 X I GRS T B IR, BRE4G
PR AR IR JZ TR IR, HLERA AR g B IR USELAR LG
T 50 5 45 W 5 i B AIG 9%.. Chen 2510V FE BB 4L f 77
%, WAL T =R FERR RS R SR IR R S M T HE
BHBNZEIESE N W B, 5 I35 FE AR FE 3 0 e
SR NI ERAT AR MAIR, fEhSEH T, f
Tofs JEE 55 40 2 BT AR ARG 85 R 5 L 00 £ I 7 A 485 44

It HHA: 2023-03-16
HEWE: EXASRRIHESE (52071069)

T PR 3 U AL i o Lin 25 B = 4 Voronoi #5704
SE T T B A B 43 G R S 4 R T AR AN [
FE iy R B RE PR REEAT T HUE ST, RIAE TR R
T, T S R I RE PR REAI T B B R X S0 R 1 &
¥ EBUEAGERE T, AR P 0 B 5 R )8
AR T R

B FSR B AT A0, A B R R o R £ 2 Ik
B e G0N G R TR LV R IR AT 5 g 2 e BT 52 BT R
W, S5EGMEREREREIEEMMHLL, HE T34
(1) F 45 A8 T ik R A0 7 22 VR e o] LA 2 A% B 1Y 75 22,
T LE 2% R B B W W 403 B A AR R B AT S5t E 2
JE LR, e JEARGFE A TR A E 43 G T SR B 52
AR, EBCRW T R K I, R
M, HETHEF N RN 2 2 W R I 06 85 M I 7t 3 22
B R 7E 5 B AR B 43 GO0 L R 4 1 BE IR RS TR, XS e
AR ES J2 i X JHL v 75 45 T i 77 5 11 e P R e e 12 52
W IR LD . PR, B R EARCRLE B R £ 2
TELVAR 5 IO 25 M R S T 4 70 5 M e RTII RE AR 1 1) 52
i AL A1) AT B (KR AT . ARSI AR SRR
RER ISR (AFS) [ LAl b, 112 T 6 Fh 2 Z KR
G, N 2 R MR R e a5 M R HE R S TR A
TSR . A TAT AR AR, 4R 5 R 2R A
O 2 BB 0 AR S TR 4 77 5 M e R R AR M 1) 52 i
ML o

{E&fEfy: 45HE, B, 1976 454, 14, mIEdE, PERMKZEZ 2RSS TR, Ki#E 300300, E-mail: 2021091066@cauc.edu.cn



11 AR 2 JR WL IR BRI S R i A 4 ) 2 1 RE AT RV - 3819 -
1 £ W

K AR B 0.5 1 AL SR A AFS B8
L J 2 J2 4R 2 O AR (MLAF) fIl 2 J2 i i 45 2 )2
B (MLAFS) {138 2, K 2024-T3 54 &R 1EN AFS.
MLAF Fil MLAFS [T MLAFS (13228, AH Xt
R E LN

p=plp, (1)
X p" RIGHKEELE, p, AR, KB
BIFLELN 2.5 mm. AFS SCHARIREET AN 60 mmx
60 mm, JEFEJy 40 mm, MLAF Hil MLAFS i 2 () #
BN A 60 mm>60 mm, JE A 10 mm, AFS. MLAF
A1 MLAFS [ Al AT S 2 A i A AT AR O 60 mmix
60 mm, EE N 1mm.

T e, RS ARFT BRI SR AR RAR & SR R RGBT
KI5, H 10%M NaOH ¥ 120 1 min, 8% f5 3R
F B R BE 2 min DUE Rk B I B T 48 FH 3 XML
o B ST, A M 2 A ot B PR SR T AR R A
il % MLAF fil MLAFS. =JZ. WWZA T2 MLAF
(70 40 A 32 42 AT 52 mm, MLAFS (#1153 51 K4
34. 45 156 mm. AFS. MLAF 1 MLAFS ff7x & &
wE 1 FR.

f§ /1 Instron 5982 ML 75 BE IR HLXF AFS. MLAF
A MLAFS TR S E4 X%, SHAsHER 1SO
13314-2011, #EEEMAER N 107 s, K &5
2 GE 4900 AHML R4 R 4i i F2 vh i G, SREEMZ N
/st 7E R 4R, I A% S M AT S AL
TSR ERAT RIL RS, 28 Aar A RS 2 31 ok DA 1)
R AR (3600 mm?) F i B 1544 SURE Sy 4% RS
Xf A — PR EAT 3 KA EE LR AR . 7 - A% T 28 11
SPIME, kRS H S i) iR e it 2 DL T R R s 4
I AR UG AT X EE T . REG B W 2 TR

2 HRSHR

2.1 EBRSESNFMEMTRITA
3 4 AFS.MLAF Fil MLAFS (1] /7-J37 25 il 25 .
AFS. MLAF I MLAFS ) B 463 F2 1 9 3 AN B

Aluminum foam Sheet Plate

AFS MLAF

MLAFS

1 AFS. MLAF 1 MLAFS 7R &
Fig.1 Schematic diagram of AFS, MLAF and MLAFS

K2 dREs
Fig.2 Testing equipment

AR IE R B BB BORBUE ALY B . 5 AFS Fil MLAFS
FHEE, MLAF BRI KRG, Mk By B B2 L
B BN, 5 AFS A MLAF #tk, MLAFS [#)
LKA i, EERVE R BRI B R B )R

H 3 AT A1, MLAF S0 A2 60%, AT
TR M S MLAF B R 4542247, 3% 7 VU= MLAF
7E 0. 20%-. 40%F1 60% 48 T~ (1 72 WA T I3 51 I,
Kl 4 frs. E4a0TiR)5, SR T B 2 MR
(152 FHAL (B 4b i Sk FroR), BEE R4a 0 2E1T, ML
Z I RN R T i % 268 T4y, IX e AR T A Jd ik
J2 TE) 320 5 S A 22 A 40 2 B2 AN S 2 A I R A 8
(B 4c A1 4d Sk FTOR)

5 MLAF R[E, MLAFS 7€ %8 [ B2 B0 e 2
(I SR (B 5), MR 5 1 & /4 8 dnic I/ 5 A b i3k
ViR VE RIS A . AT B MLAFS B TEAT N, VF
Wl EWRIER, 885 7 IUZE MLAFS 585 (1) & 46 42
it . B 6 NIUE MLAFS K2 MASKFAE, &

24

—o— AFS
| —o— Three-layer MLAF
—o— Four-layer MLAF
—o— Five-layer MLAF
16 [ —e— Three-layer MLAFS
—a— Four-layer MLAFS
| —=— Five-layer MLAFS

Stress/MPa
-
N

0 10 20 30 40 50 60 70 80
Strain/%
K 3 AFS. MLAF Fl MLAFS 5 J7- A8 i 28
Fig.3 Stress-strain curves of AFS, MLAF and MLAF
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of the first layer; (e-f) collapse of the fourth layer, and
(g-h) collapse of the third layer

£ 0.4 Z 1A F R 1M MLAFS (55 2 AN S 4 B
HILR TR G I G, WU A& 2 A 58 R TR 5 1)
J87 A% X 8] TH 5 S 6 R 7T
p—s Ll o(e)e ()
s g g 3 %S RL TR G B B ) 38 — AR s
1ANEE A, W 5 AL L fIAS 7. AFS. MLAF
(14 350 AR (eca) 08 SN R 312 B i R AR IS i et 2
(FIREAE, MLAFS SR B AR (e0q) B 8 O EUE AL IX dk4:
HIFIVIZE 51 6 B0 A7 RS s Bt R ) g A 15181,

AFS. MLAF Al MLAFS 7E#E# AR 46 T B35
R H(0e)~ T B RS (o) FIBUE N AR (ecq) WK 1 TR
R EIE T 5, 5 AFS Al MLAF ALk, MLAFS A
BREPITIRR T P a N IJFBUNOEE N, R
BV N 2 JE AR B R T 2 2 L UR B O 45 0 I B R o
BE, PR T HECE IR O 2 SR R B 5 8 MLAF
HMLAFS [ R 7 F1F & R B B0 RLAR 3
K, VLR W 2 HE M58 T 256 1 B e R I 0
9T AR .

Oy =



511 1 ABHARSE: 2 RIARER O M S A8 71 TR AR AR R 1k . 3821 -
x1 ABNA FEENBENT
24 = 100
Table 1 Collapse stress, o plateau stress, ap and densification —e— Three-layer MLAFS stress ©
2ok —a— Four-layer MLAFS stress °;
strain, & —=— Five-layer MLAFS stress 180 &
—o— Three-layer MLAFS efficiency 3
Collapse Plateau stress,  Densification o 16 F —s— Four-layer MLAFS efficiency 160 E
Layer stress, o/MPa op/MPa strain, ecq/% & | —o— Five-layer MLAFS efficiency =
number S12f . 2
MLAF MLAFS MLAF MLAFS MLAF MLAFS 2 lao &
AFS 7.17 5.63 59 @ Ry, 2
! ! >
Three-layer 549 803 520 7.37 63 50 | 120 2
! =
Four-layer 4.40 7.47 476 6.52 65 54 0 w
Five-layer 4.09 732 437 6.43 70 59 70

2.2 WREE4FME

WL RE RE /0 e RAFB KB RE R E M EE S 4, 18
B S IRAR T, BRAL AR BE = (W) A REE A
R A3 AR 2R AR

W, =I:°U(£)d8 (3)

Xt e WRAE, o AMRNIIRLTT, g NHRFERAE
& 1 AJ %1 MLAFS B8040 N A 290 55%, N 1 1E
FHIEAS TERE L N LU [R5 46 IR IR e e 70, AR 55%
RIAR R &S5RI AL AR BE &, WK 2 s 4R
R, HAEEDGEHER MLAFS [ BAL AT A8
B A WAERE TR

W R R0 2 o R 5 P TR IR e B S ) R R 1 LR
e 8l

n(g):ﬁjoga(g)dg (4)
X n RRREREE, e WA, o XTI ).
Kl 7 & MLAFS B 3-8 5 pe st 4, A
TR T R Re s R h 4, Z il 2k BT BLIR G
HE LA R A, I 8 0 {5 X6 B T 7 7 - I AR il 28
MBS, BERESSERE . BEENTT
B, WeRE R e IE N R BEAC, B OKAE LE B ) - AR
Mhak b s — N P R R AE y 48%, LI
i FE AR ANBUCE B B B 7 R EE ELE Ln R
TAFE MLAFS % NAERME, =E. WEMAE
MLAFS 7£ 8% AL Kb (1) W) BE %02 50 3l 44.0%
41.3%F1 37.9%, KW SEHER DM MLAFS

% 2 AFS. MLAF 71 MLAFS W #E 8¢
Table 2 Energy adsorption capacity (W,) for AFS, MLAF
and MLAFS (MJ/m°)

Layer number MLAF MLAFS
AFS 291
Three-layer 2.64 3.98
Four-layer 2.34 3.52

Five-layer 2.19 3.47

Strain/%

K7 MLAFS (¥ 5 77- B2 AR 1 28 15 e 2k it 2
Fig.7 Stress-strain curves and energy absorption efficiency
curves of MLAFS

RSN A BT E AR R . LR HER
RE BE /1 MR RE R, = J& MLAFS B A i H 19 W Bé
Pk RE .

3 THARK

3.1 BEFLEHAER

Kl 8 Jy MLAF A1 MLAFS i fg FL#k [ &l . &l 8a
A1 8b Hf AT DL %52 B FLA RN R EE A AR R ST /N B B
FLERFE, MLAF FAHSEE E A E L REBUS 77
ABAFAE KRB (B 8c), IXELELE S8 MLAF {525
FA M FLA XS 5 . 7E MLAF FUE# A S i 18 b,
52 77 B R B AL AT i B v ek AR st e, 1] 3
AT DA B W ) 7R B0 (1 B AR 1 5 DL P 5 2
Ie PR R8T SR 2R ARA, S8 mi kbak B B2 5 ~F 4
e L g 3K T 4 5 44 SEE B T R g (A% R0 43 A (B 9)
TEFFLRE IR R 3 2 /T, VLR R R 5/ L AR 52 A [] 1
Ry, BEE R4S RE AT, BRI K, S8
Xt 55 (10185 J2 A2 AL () AL B S R A 3 T2,

K 10 /& MLAF F1 MLAFS 9 i1 i FLAS T 1, 7 11
PR RS 7 Sk brs . HEATE0, MLAF B
AL EES A 3 2 (1) MK S
BN A3 5 46 J7 18] B — € R A, B TR 4 1 AT,
LSBT K, 5 B AL BT YT A () 10a~10c);
(2) % ML 32 5 e 45 75 1) AH R 0 R 82 3 PE T, 6 il
FLRETE B B, M BE 5 FLAR TE B 3 F R Bl SR 2B 1
BAR# 5l , MR R (8% 5% A8 i (3] 33t 1 5 40
K42 BUIR (B 10d~10f); (3) 547 7147 [ £ B 7
RV T 00 B S 7 43 Sl A i ) PR L PR TR A, B
IS 7 B3GR, B AL R M ABA T /2 A2 g ot ~F (40466 [ T
I L B A= T 24 (1 10g~10i0) . 5F T 55 1 K FLAE T,
LR Y Db 2 2 S 8N ) BT E R A, BE S



- 3822« WA S REAMES T2

52 3%

8 MLAF fil MLAFS g £L i it
Fig.8 Cellular defect of MLAF and MLAFS: (a) cell wall, (b) cell membrane, and (c) interface
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Quasi-Static Compression Mechanical Properties and Energy Absorption Characteristics
of Multilayer Aluminum Foam Sandwich Structure

Zou Tianchun, Guan Yuxi
(College of Safety Science and Engineering, Civil Aviation University of China, Tianjin 300300, China)

Abstract: Single-layer sandwich panels and six kinds of multilayer sandwich structures were prepared using closed-cell aluminum foam
and aluminum alloy sheets. The cellular and macroscopic deformation modes were analyzed to study the influence mechanism of the plates
and layer number on the quasi-static mechanical properties and energy absorption characteristics. The results show that the plates can
adjust the stress state and make the cores collapse layer by layer, which reduces the multilayer synchronous deformation, lateral and
bilateral slip caused by the formation and extension of the inclined deformation bands, so that the structure has higher collapse stress,
platform stress, energy absorption per unit volume and smaller densification strain. The increase in the layer number leads to the increase
in the length and number of the deformation bands in the structures without plate, and thus the macroscopic deformation mode changes,
resulting in the aggravation of the slip phenomenon on both sides and the accumulation of cellular defects in the structures with plate,
which affects the stable deformation and results in the increase in densification strain and the reduction of collapse stress, platform stress
and energy absorption per unit volume, and thus the energy absorption efficiency at densification strain decreases. Compared with other
structures, the three-layer structure with plates has the best compression resistance and energy absorption properties.

Key words: aluminum foam sandwich structure; quasi-static compression; mechanical properties; energy absorption characteristics
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