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Fig. 2 Sketch of sensor positions on target plate

(1) BT - 68 5 A i 55 B T A 88 ol 492 40 Jm B ol 7 B8 AN 880 L o — 28 SR il 20 D 15 DR 257 il A7 45
AN PE S AR R R A D A RER R A LA R R
(2) 25 L 4 55 A 5 BE T AR A8 ol 453 47 488 ol 3 B 08 D' i — 28 ST 40 00 M AT T A BRI K
$88 Ty 5T R 9 AR 8 1 A FL I S LA B A8, D 1 2 el DLH Il 1 R A
Yo o3 M A 48 o A BIR Al L AN BT 3 i . 181 3 R IWT LA IR AR A E SO e AR T AR AR 5 L AR
I SR 2R A o 30 o e AR o S R S AR G L A AL L e AR o A R AT R
HRATE Pl 3 vl 330 A R T 2 T LA 0050 0 155 00 o T T e 5 AR 19 552 R IR 52 45 L TB U ST M 10 TR L5
FLA 31 UL A 2 L 1 R LR i o 0, 28 ALicoh 1 SLR Rt 58 FLAR 0 T 0L AN &l 4 FR .

L5 (a) Typical pit damage
Fitted curve
®  Experiment

10F
£
=
3

05F

0 P T ST S S !

2 3 4 5 6 7 8 910

d/mm

3 e Al R B R ath 2
Fig. 3 Ballistic limit curve of

honeycomb core sandwich

(b) Typical hole damage

of honeycomb core sandwich

PRl 4 W s MU ¢ 2 TG R e T 48 o 45 40 19 1L
Fig. 4 Hypervelocity impact damage of back panels




788 5% 1 5 i bin ERVE S

3 ESHEST

F TR R AL RE S PR A e 2 e T RS R I RS, S B S 0 S DR D
W A5 R IR i A RO S DRI e 40 A e e R A o R R A S 1R IR R A S R AR
3.1 EHESFE

Wl 5 Ay e 5 M 2 48 o 77 A TR 28 LA 0 I e R A o RS R HE S R L AT HIUE S A R A
PR B R RS R0 R %) Al R 7 R A A . A A A R S 0 B S S B SRR AR BT R R A4 20 kHz
F1R) o 3 D g, AL S AR A BB A R AN 6 TR . & GE i AL EE B AE 100~350 mm Y, hv
S B A R IR AT R AE /N 0.5 VL R (L AK T R E & T AR AR A & T AR P i E S X2
T2 G 002 0 R 5 5 AT BELJE 3500 - 06 5 R A, 2 i B 10 X SE AR S 3G R A ny A B AT . A
Br 4K 336 L1595 . K A5 5 W (0 5 18 i 2 fr AL B BE 29 Z RIA HHEXT N G R X 55 1 1 s F
SREE T

(a) Cratering (b) Perforation 0.2
0.8 T T 0.8 T -

0.1

2 O_M,,qwf‘ W’M\WMW‘WM

W |

Y002 04 06 08 L0 0 02 04 06 08 10 0G5 01 05 08 1o
t/ms t/ms t/ms
[ 5 B 5 Al i) g AU T P R S IR 6 o iE IR IR S
Fig. 5 Oscillograph of hypervelocity impact acoustic emission signal Fig. 6 Signal by high-pass filtering

in honeycomb core sandwich

O T Y A 2 o R T R W e AR Y LA A5 1 SR A A T ) A S AT R R RO, T R
HOAE 0. 06~0. 12 U 1Bl PS4k o A5 5 A4 S Ul 38 1 78 K 1 A v I 0 5 8 o o 43 o 7 2 905 5 P 160 kHz
A fe e SO BEAS LY R 5 km/s,50 kHz B9 A0 25 % 3V [ o 600~800 m/s, #5445 1 Ji Bl 7 1] 1Y)
AR AE A, o 38 B R /N5 [ BRSPS T L U L e R A e (2 1 1 O ) A R
85 22 05 T P R S i AR B S R R Y O R S T I AR T R R A R AR L A I S T A
FRE 5 PRI AT AR PSP im0 155 A % e A 06 Al P v R R P R S B RS S R
3.2 IKESHE

G M 4 BN T N, WA A T R g R R o R R R
SO A B AR I B AE 360 kHz LLF & e B A e, i A
Gabor /NEALAR 4, AT A5 45 5 () B (0] 3536 0GR/, gl 7
Fiios, ESRE & 4> A fE 50~350 kHz . § A S0 &
AO B BTN 22 AT DL A B 6 Al v g R e e o R
RIHE T /N R B S 2B A & S
HAL B SO AT A0 RS o SO LA Ay 0 i 2
7150 kHz, A0 BEA A HL.O MR 2928 100 kHz, E

i 8 o 4 5 5 5 o 255 B PLOE T e T e

VST TR RS N - S N WUV N ER =R (OF - S (T = | [ 7 (Ee A

T, Fig. 7 Modal acoustic emission of signal



%5 M X YR A BTN Y e T R TR v R ol P R A S 0 R 4R B 789

4 FERHESHIESHHANXE

4.1 INEBEESH
N }-L y G T:"_‘ é = N 5

- Ha%ﬂﬂiuﬁ:ﬁ 20 MHmf.iﬁﬂmiﬂﬁﬁi £ 1 ESHEUS
l%iﬂj$ ,E?§ﬁ4T/J\{BZ/}FQ}ﬁ%Az§F£§£§’igZ:@ & ﬁé& Table 1 Frequency band division of signal
= H AR, i 2l 2R A5y Bl fEE
7 B My m o, Hit B ROR AL, [_IJHCLJ;%W‘? [N N BB S YL R/ kHz
R AE R g 1 MHz, A7 5 2 2% 2 407 4 R b ! DD 0—62.5
S, R Daubechies /NIZE ST 4 548 135 ) D, 625125
SRR /NI 4% RUE B L TR 1 3 D: () 125250

FRAE R (3) ~ (5) 13 2| 47K 336 £ S 40 K4 &/ 1 D, (m) 250~500
YA R O RE R AN . KRR T 3 AT S AL R 5 Ds () 500~1 000

SFRYHTR T R EIE AL RS SO A G
2% RUEE /NI g B 05 T Y OG22, ] 8 oo

HITET 8 T : Dy Go) B BEf2E 30 A A A — ML FE I A2 A L 5 LT B2 G AR AN I I AR T 7 R A /)
P R BT 2 R E 2R A5 R A AR R S0 M B D, Go Y RE 0 B 1~ 1. 5k m/s 38 % M [F] [A]
B I HARHE B 43 A JE TR 5 T A O s Ds Go B RE I 438 1.5 km /s Sy Hho0 26 A5 X R 43 A o AR
Pl 7 rh /N R T RO L TR A BOR A L B AR T B B Dy Go)
Ds Go¥JLA 1.5 ke /s Syt 73 A1 B2 5B AL i o o 48 il B k20 50 W 0 O AR ¥ 20 5 T U/

A BEEHT D, () ~D;s (n) » 5 IEASS 808 .

.. . 03}
0.55 JRTI { R 0.15} * \’
LI J \. )
. oy & o 5 . ¢
0.50 Séll} .llsiiﬂ 2 . s 0.2 =
- 0 ¢ . . “r .~
- . 2 0.10F T . - i
& 045t ooty e * A e f 8t & e c' ’
. - ?2 - . . . 3 .
Bl T '; s o oif e g,
- 0057 :i'-: Seess RN CRIIE
. B ! > ﬂ‘ ] :' .
25 < &
035 c Hsé §iH i el s
0 1 2 3 0 0 1 2 3
v/(km.s™) v/(km s~ ') v/(km-s™)
. .
005 L.,
0.15} A .
o . 0.04 ° %
.l' . . s .
. -
o 010F . f;.:: o 0.03F ket
- J [ ’ 0
- L] - .' . .
2t e 0.02} ~.'€ .2
» . . 0% .
0051 o0 T3%s ..} L. TN .§ .
.Z.oz. 4 g e 001F g 4 i$§ R
2 Ll z
sflsddn vife: I et
0 1 2 3 4 0 1 2 3 4
v/(km-s™) v/(km-s™)
[ 8 4 Wity fil fit 43 A 5 HOIL R BE G R
Fig. 8 Relationship between energy fraction of every frequency band and projectile velocity
4.2 INEEBEESH

HORFEAR 5 M HR AR AR B2 1 MHz, I AR 30 (6) Pe U 8] % . (5 5 th A& S0 Al Ao B 58
R B RN A B 650 ps. SR Daubechies /N AR 4 4 B 6 9 {5 5 64T 4 20 15 8 5 A
RO BB A5 i s (D5 2 420 336 412 Bt i /N RE B0 H . /N RE & 5 SO BE YOG &R



790 5% 1 5 i B o537 4

W 9 Fros. 9 Al /N RE R BE A

U FE A5 Ak 0K FR M L 45 1~ 2.2 km /s . o
P P A A0 9 P B K 2 3 AL 1 ke /s DL F i 2or vooclo o o
FE I T8 T 50007 /I A ) 9 B 3 °§ & g,
F 881015 47 25 58 0 75 % 54O A 9 O o B gw% o o
ST 9 ) 2 O Al A D  5 4 AL = og; Agg 0o
KT 2.2 ke /s 1, 36 4 A Bt 1L 3 AL TR Ak 50 B M e odf oB 802
2% 5 52 4 AR 57575 2 5 D9 1 2§b“§’- g SEE: g
105 30 9 5 Z PR AL B G T 5 8.8 gg o’%" %’g 33 7
5 Kruskal-Wallis # & . \ . L 2

0 05 10 15 20 2.5 3.0 35

KM Dy o) ~Ds (o) K H 3 6 S804 vi(km.s™)

SRR o B AR O SR 05 2 B A (e O /Il A 5 AL B X R
B B 99 2 B AR PR BUAR ) B RO ML, U Fig 9 Relationship between wavelet energy entropy
ﬁ%ﬁiﬂlﬁlﬁ];’é%u Eﬁ%ﬁ@ s %ﬁﬁ Kruskal-Wal- and projectile velocity

lis 595 % ZHGH T IR .

Kruskal-Wallis £ 40 Z WA F B 1K/ FIREA I bR5 3R 78 328 BCEAS R AE v B4 28 501 1 G 5 3
{EL 5 38 338 Lb 38 R 2000 - B 22 18] B BE B8 PF AN IR AR 0 43 25 0 STk, RIIEAN BE AN RRAE 285005 25 18 J) i A
RN MBS N AFEA 53 K 28 RS N MR TR R AR L B8 - (D B A AR 1Y
SR 2,0 i=1,2,++ N} (D 3 S EUE W RN FEARHET s (OB RHEA S S B FHE (R R, ,
Ry s (DB BRMGE I & cxw o

keicw K AL IR] S5 T 55 4 (R RE AR Bk O 25 10 7

12 P
NNTD2 N 3NED (8)

i=1 z
T3 6 S8 A B AT - is K5
XX 6 NS W #EFT Kruskal-Wallis ¥ % 2 Kruskal-Wallis 1 18 2 &
~ . s ot s o
B JEAR w8 AT B IR S 0 AL 53 2 fiE ) Table 2 Results of Kruskal-Wallis test
LT BT A AR S B U A R S8, S5 5 L

%2, Hd D, (o), Dy Go A 5 500 Wit i oK o Sl
D, (n) 0.115 0.735
FVEFRIR N 0 5B IES A reww K TeE A Dy () 3206 0.073
R RAE S EG D, () \Dy () H =405 D, () 3. 304 0. 069
B B KB 2R 0. 07y kexw TE 3. 2 FfF I, D, () 24,815 0
Iy RBE S M Dy () B 5835 UKl 0. 735, D; () 35. 672 0
H 3. 268 0.071

AN IE 593 A1 o s B /1N« AN I8 ELAR N 453405
MESH ARG 7 (55 AR A IR s i K 55 1 50 kHz MR E 5 1Y S0 K A0 BEZs X Ul B i
A 7 A A S S R A AR A R S 5 S ST .

NEAEZEEE TR Dy G ~Ds Go) I/ R BEREN  H w7 4. 627, 85 MEKF 2 0. 031, 2 IE S
IR RRE AR T X AR UL RS R w4 A AR 5 U 28 BE g, R R o R T AY I R A R 3 T
Gl IR




%55 X YR A BTN Y e T R TR v R ol P R A S 0 R 4R B 791

SR P e T4 ol S 6 A T AR TR SR B T e 2 AL A IR AT A S o A T e e o
S SR 7 FEAS A I AURE AR RLAE L I 38 0o S LT B T AR R A R AR L B T P EE TN A 0 1
MESH 0 T B SO 56 R L 555 R Kruskal-Wallis A6 50 0 7338 P R R AE 2 50000 15 495 458 X
SrRRETT. SRR .

(1) 3 3 M T e o488 o 7 A R 5 B8 /N D B o SO AT — 5 3 a0 S BB Tl AR S 40 ) il
Sa AL B B R AE S, A5 5 SRR ON 1 MHz I, 28 Daubechies /NI 4 J2 70 fi# #5321 5 41
B SR R JRE F9 /1N D0 B ek 20 B A ey T 5 45 X 2K ) R T B

(2 6 T Al 0 e A 5 7 O AR 5 R AR R 3l 5 405 T 56 L O HLAL T R R O T B A AR X
ks

(3 68 T A THT oy A o 7 A N1 /N B RE AR B A — e AR R S RE T L AR S B (R
T /N RE A R RE 0 A TR T

TEAR AR B T AR, B4k ZE R AR R WF5T 2 Fh SR 75 i S5 A 1iE 2 550, 0 3 0 At 57 4 B A 45 405 A R
A Y, R0 e Al T A BT AR O — 20 R TR R e B A 19 BB S S A R

S Uk :

[1] Upper stage explosion places LEO satellites at risk[J/OLJ]. Orbital Debris Quarterly News, 2013,17(1):8[2016-
04-247]. https: // orbitaldebris. jsc. nasa. gov/quarterly-news/pdfs/odqnv17il. pdf.

[2] Liou] C, Giovane F, Corsaro R, et al. LAD-C: A large area debris collector on the ISS[C]//36th COSPAR Scien-
tific Assembly. Beijing, China, 2006:36.

[3] Prosser W H, Madaras E 1. Distributed impact detector system (DIDS) health monitoring system evaluation[ R].
Hampton: Langley Research Center, 2010.

[4] Spencer G, Schiafer F, Tanaka M, et al. Design and initial calibration of micrometeoroid space debris detector
(MDD)[C]// Proceedings of the 4th European Conference on Space Debris. Darmstadt, Germany: ESA, 2005:18-
20.

(5] XUKI P S s 58 L A ik T /N 7 W B AR B el 4t ol 74 8 3 DR 6z [T ). B R G IR 2009, 19(2) < 181-187.
Liu Wugang, Pang Baojun, Han Zengyao. et al. Acoustic emission detection and location for hypervelocity impacts
based on wavelet transform[J]. Chinese High Technology Letters, 2009,19(2) :181-187.

[6] LiuZD, Pang BJ. A method based on acoustic emission for locating debris cloud impact[ C]// 4th International
Conference on Experimental Mechanics. 2009:7522.

(7] skel. Ve R W% = 8 75k MR 5 Ae s AR AR /D @ 43 A [T . #R2h 5 whdi , 2012,31(12) :125-128.

Zhang Kai, Pang Baojun, Lin Min. Wavelet packet analysis for acoustic emission signals caused by debris cloud im-
pact[J]. Journal of Vibration and Shock, 2012,31(12):125-128.
(8] ABRBKME. ik T 22 18 28 B 19 2 18] 4 v 45 A5 B2 SR 52 LD 1. W 2 5 < s Z B Tl K, 201 2.
[9] Taylar E M, Glanville J] P, Clegg R A, et al. Hypervelocity impact on spacecraft honeycomb: Hydrocode simula-
tion and damage laws[J]. International Journal of Impact Engineering, 2003,29(1):691-702.
[10] Nia A A, Razavi S B, Majzoobi H H. Ballistic limit determination of aluminum honeycombs: Experimental study
[J]. Materials Science and Engineering A, 2008,488(1) :273-280.

[11] Liu Y., Pang BJ, Jia B, et al. Modal acoustic emission based location method in honeycomb core sandwich struc-
ture[ C]// Sixth European Conference on Space Debris. 2013:183.

[12] Chakraborty N, Rathod V T, Mahapatra D R, et al. Guided wave based detection of damage in honeycomb core
sandwich structures[J]. NDT &. E International, 2012,47(7) :27-33.

(137 FEL. s 304 o M 1k 55 7 R ) 2 TR R R TR B AT BOR (DL WG /R I < 8 R I Tolk 2, 2008.

(140 VWL T 75 & 56 14 28 8] 18 R 7E B o O B R TR 58 LD, I IR I I R I Tl R4, 2008.



792 5% 1 5 w & ERVE S

[15] Rosso O A, Blanco S. Yordanova J, et al. Wavelet entropy: A new tool for analysis of short duration brain elec-
trical signals[J]. Journal of Neurosci Methods, 2001,105(1) :65-75.
(161 mlWAVL. Bt R 75 & S5 5 #8A X FE B 2 G2 58 7 19 52 W B 58 [ D . WG JR I < I RV Tk K %%, 2011,

Wavelet transformation based damage feature extraction of
hypervelocity impact acoustic emission signal
on honeycomb core sandwich

Liu Yuan, Pang Baojun, Chi Runqiang, Cao Wuxiong. Zhang Zhiyuan
(Hypervelocity Im pact Research Center , Harbin Institute of Technology ,
Harbin 150080, Heilongjiang, China)

Abstract: In this work. a hypervelocity impact acoustic emission signal feature extraction method was
proposed to detect damages experienced by the honeycomb core sandwich structure impacted by space
debris by using hypervelocity impact acoustic emission signals. Varieties of hypervelocity impact a-
coustic emission signals were obtained through experiments based on the hypervelocity impact acoustic
emission on the aluminum honeycomb core sandwich, their time-frequencies and the modes of the
waves on the honeycomb plate were analyzed, the modes of the signals were differentiated, and the
wavelet energy fraction and entropy were calculated. both by using the Daubechies wavelet decompo-
sition, with the relationship between these parameters and the damage delineated and the contribution
of each parameter gauged by the Kruskal-Wallis test. The results show that, to a certain degree, the
wavelet energy fraction and the entropy of information are able to identify the damage patterns. Spe-
cifically, the energy fraction with a frequency above 250 kHz exhibits a better identifying capability,
while signals of a lower frequency out of the ultrasonic range exert disturbance on the damage identifi-
cation,
Keywords: hypervelocity impact; acoustic emission; wavelet transformation; honeycomb core sand-
wich; damage pattern; Kruskal-Wallis test
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